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This  report  was  prepared  by  the  Boundary  Layer  Research  Section 
under  the  direction  of  Dr.  Werner  Pfenninger,  Northrop  Norair,  a 
Division  of  Northrop  Corporation,  Hawthorne,  California,  and  covers 
research  investigations  performed  from  July  1959  through  March  1963 
under  Contract  AF33(6l6)-7564.  This  work  was  performed  under  Air 
Force  Task  No.  136612  of  Project  No.  1366,  "Laminar  Boundary  Layer 
Control  Research." 

The  work  was  administered  under  the  direction  of  the  Flight  Dynamics 
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ASD-TDR-63-554 


This  abstract  is  unclassified 


ABSTRACT 


At  subsonic  speeds,  full  length  laminar  flow  and  low  drags  were 
obtained  up  to  high  length  Reynolds  numbers  on  a  thin  straight,  on  a 
swept  laminar  suction  wing  and  on  a  suction  body  of  revolution.  Mod¬ 
erately  increased  suction  rates  in  the  most  critical  region  of  a 
straight  and  a  swept  laminar  suction  wing  enabled  full  chord  laminar 
flow  in  the  presence  of  external  sound.  Theoretical  investigations 
are  concerned  with  nonlinear  boundary  layer  oscillations  and  stability 
investigations  (assuming  small  disturbances)  of  a  supersonic  laminar 
boundary  layer  on  a  flat  plate  up  to  high  supersonic  speeds  as  well  as 
on  a  highly  swept  supersonic  low  drag  suction  wing  of  low  wave  drag. 

On  a  supersonic  flat  laminar  suction  plate  with  and  without  wsak  inci¬ 
dent  shock  waves,  extensive  laminar  flow  and  low  equivalent  drags  were 
obtained  at  M  =  3  up  to  length  Reynolds  numbers  of  26  X  Further 

supersonic  ^low  drag  suction  experiments  on  a  suction  body  of  revolution, 
on  a  36^  ^u^Jersonic  yawing  wing,  as  well  as  on  a  72®' ^su(»i^sonic  yawing 
wing  (swept  behind  the  Mach  cone)  of  low  wave  drag,  aje  described./  The 
latter  wing  showed  full  chord  laminar  flow  with  a  subsonic  type  pressure 
distribution  at  M  =  2  and 
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SUMMARY 


SECTION  1- -THEORETICAL  INVESTIGATIONS 


Chapter  A  of  the  theoretical  investigations  deals  with  the  growth 
of  boundary  layer  oscillations  and  the  phenomena  leading  to  transition,  using 
the  full  nonlinear  boundary  layer  disturbance  equations.  A  theory  is  developed 
around  the  concept  that,  under  certain  frequent  conditions  and  as  a  result  of 
the  nonlinearity  of  the  equations,  two  partial  oscillations  of  the  whole  motion 
can  drive  a  third  partial  oscillation  in  a  resonance- like  manner  to  a  large 
amplitude  (Section  I,  Chapter  A  and  Reference  1).  The  two  driving  oscillations 
can  come  from  external  disturbances--such  as  a  roughness  of  the  wall  surface 
and  3  fluctuation  of  the  erternal  flow--or  from  the  internal  disturbance 
motions  generated  by  preceding  resonance- like  interactions.  For  example,  the 
following  combinations  of  driving  oscillations  can  produce  significant  ampli¬ 
fications:  (1)  an  oscillation  from  surface  roughness  or  surface  vibration 

and  an  oscillation  from  external  turbulence  or  sound,  (2)  either  of  these  os¬ 
cillations  and  an  internal  boundary  layer  oscillation,  or  (3)  two  internal 
boundary  layer  oscillations. 

In  deducing  the  theory,  the  whole  motion  is  decomposed  into  a 
sequence  of  perturbations  from  a  laminar  flow,  and  then  each  perturbation  is 
decomposed  into  a  spectrum  of  Fourier  components.  The  first  perturbation  is 
determined  solely  by  the  boundary  irregularities  at  the  wall  surface  and  in 
the  external  flow,  whereas  each  higher  perturbation  is  determined  mainly  by 
the  driving  oscillations  from  the  lower  perturbations.  Expressions  for  the 
resonance- like  growth  of  the  Fourier  coefficients  are  derived,  proceeding  in 
a  recursive  manner  from  lower  to  higher  perturbations.  The  role  of  these 
growths  in  producing  transition  phenomena  is  explained.  Some  aspects  of  the 
calculation  techniques  required  to  apply  tne  theory  also  are  discussed. 

Chapter  B  of  the  theoretical  investigations  discusses  calculations 
and  resulcs  of  the  stability  limit  Reynolds  number  of  the  boundary  layer  on 
an  insulated  flat  plate  up  to  M  =  5.8  (also  see  Reference  2).  The  cases  of 
constant  stagnation  temperature  at  various  Mach  numbers,  corresponding  es¬ 
sentially  to  wind  tunnel  conditions,  and  of  constant  static  temperature  at 
different  Mach  numbers,  corresponding  to  flight  conditions,  have  been  analyzed. 

The  full  linearized  stability  equations  of  the  compressible  laminar  boure'ui'y 
layer,  as  derived  by  Lees  and  Lin,  have  been  integrated  numerically  from  the 
wall  to  the  outer  edge  of  the  boundary  layer.  The  wave  number  a,  wave  velocity 
Cj.  and  boundary  layer  Reynolds  number  have  been  chosen  such  that  the  **inner*' 
solution  of  the  disturbance  equation,  as  obtained  from  the  integration  through 
the  boundary  layer,  is  matched  at  the  outer  edge  of  the  boundary  layer  with 
the  ''outer''  solution  beyond  the  outer  edge  of  the  boundary  layer. 

With  increasing  Mach  number  tne  stability  limit  Reynolds  number  of 
an  insulated  flat  plate  ot  zero  pressure  gradient  first  decreases  slightly  up 
to  M  5:  1  and  rises  again  at  supersonic  speeds.  For  the  case  of  constant  static 
temperature,  i.e.,  for  flight  conditions,  the  stability  limit  Reynolds  number 
rises  rapidly  at  higher  Mach  numbers.  The  corresponding  rise  of  the  stability 
limit  Reynolds  number  of  the  compressible  laminar  boundary  layer  on  an  insulated 
flat  plate  at  higher  Mach  numbers  is  considerably  smaller  for  the  case  of  con¬ 
stant  stagnation  temperature,  corresponding  essentially  to  wind  tunnel  conditions. 
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This  difference  is  due  to  the  variation  of  the  properties  of  the  air  (viscosity, 
etc.)  with  tei^}erature,  which  changes  tne  boundary  layer  profile  and  the 
stability  limit  Reynolds  number. 

In  view  of  “h?  increased  stability  limit  Reynolds  numbers  at  super¬ 
sonic  speeds,  it  should  basically  be  easier  to  maintain  laminar  flow  at  further 
Increased  length  Reynolds  numbers,  as  coiqpared  with  the  inconq;}ressible  case, 
at  least  as  long  as  Interacting  shock  waves  or  boundary  layer  crossflow  insta¬ 
bility  are  not  critical. 

Boundary  layer  crossflow  Instability  becomes  particularly  critical 
on  highly  swept  supersonic  laminar  suction  wings  with  subsonic  type  flow  of 
low  wave  drag.  At  supersonic  speeds  the  Increased  wall  temperature  causes  a 
thicker  laminar  boundary  layer  with  reduced  kinetic  energy  close  to  the  sur¬ 
face,  resulting  in  a  correspondingly  stronger  crossflow  at  supersonic  speeds, 
under  otherwise  the  same  conditions.  The  crossflow  stability  limit  Reynolds 
iiumber  of  a  supersonic  laminar  boundary  layer  on  a  63°  swept  wing  has  been 
calculated  in  Section  1,  Chapter  C  at  M  »  1.8  for  the  insulated  wing  and  for 
the  case  of  radiation  cooling  (also  see  Reference  3).  The  simplified  Dunn  and 
Lin  stability  equations  for  compressible  flow  were  used.  The  calculations  were 
repeated  later  with  the  conqplete  Lees  and  Lin  compressible  stability  equations. 

For  the  seme  shape  of  the  boundary  layer  crossflow  profile  the 
crossflow  stability  limit  Reynolds  number  was  slightly  larger  at  M  =  1.8,  as 
compared  with  lncort.pressible  flow.  At  M  >  1.8  the  Dunn-Lin  equations  gave 
results  which  closely  agreed  with  those  obtained  from  the  more  complete  Lees- 
Lin  equations. 

The  main  effect  of  conqpressibility  on  boundary  layer  crossflow  at 
supersonic  speeds,  such  .,.s  in  the  case  of  highly  swept  supersonic  low  drag 
suction  wings,  is  thus  essentially  a  stronger  crossflow  caused  by  the  thicker 
boundary  layer  at  supersonic  speeds  due  to  the  increased  temperatures  close  to 
the  surface.  In  contrast,  the  crossflow  stability  limit  Reynolds  number,  at 
least  at  moderately  high  Mach  numbers,  is  little  affected  by  ccB^resslbility . 
Increased  suction  mass  flow  rates  are  required  to  avoid  excessive  boundary  layer 
crossflow  and  thus  to  maintain  laminar  flow  on  supersonic  swept  wings,  as  com¬ 
pared  with  the  case  of  incompressible  flow. 

Stuart  (NPL)  has  shown  (Reference  4)  that  the  two  disturbance  equa¬ 
tions  of  the  laminar  boundary  layer  in  the  direction  tangential  and  normal  to 
the  potential  flow  streamline  in  tie  presence  of  boundary  layer  crossflow  can 
be  approximated  by  a  single  disturbance  equation  in  the  direction  of  the  most 
critical  disturbance  wave  fronts.  These  most  critical  disturbance  waves  are 
usually  oriented  at  a  small  angle  to  the  direction  of  the  local  potential  flow. 
The  question  then  arises  concerning  the  angle  between  the  most  critical  cross- 
flow  disturbance  waves  and  the  local  potential  flow  and  the  variation  of  the 
crossflow  stability  limit  Reynolds  number  with  this  angle.  Chapter  D  of 
Section  1  \also  Reference  5)  presents  results  of  crossflow  stability  calcula¬ 
tions  when  the  angle  between  the  boundary  layer  disturbance  waves  and  the 
potential  flow  direction  is  varied.  A  boundary  layer  crossflow  profile  in  the 
rear  part  of  a  swept  laminar  suction  wing  was  investigated.  The  disturbance 
equation  for  the  resultant  boundary  layer  flow  in  the  direction  normal  to  the 
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disturbance  wave  fronts  was  integrated  as  in  References  6  and  7.  The  lowest 
stability  limit  Reynolds  number  for  the  above-mentioned  crossflow  profile 
close  to  the  trailing  edge  of  a  swept  wing  was  obtained  when  the  disturbance 
vortices  were  aligned  nearly  parallel  to  the  direction  of  the  local  potential 
flow.  The  corresponding  wave  velocity  was  finite,  indicating  the  exist¬ 
ence  of  traveling  crossflow  disturbance  vortices  in  the  rear  part  of  a  swept 
laminar  suction  wing.  For  other  angles  between  the  disturbance  wave  fronts 
and  the  potential  flow  direction,  the  stability  limit  Reynolds  number  in¬ 
creased  rather  rapidly. 

SECTION  II  PART  1- -EXPERIMENTAL  AERODYNAMIC  INVESTIGATIONS  AT  SUBSONIC  SPEEDS 
A.  Investigation  of  Swept  Laminar  Suction  Wing 

In  view  of  the  advantages  of  swept  wings  at  high  subsonic 
speeds,  particular  emphasis  was  given  to  the  investigation  of  swept  laminar 
suction  wings.  Section  11,  Part  1,  Chapter  A  describes  the  experimental 
investigation  of  a  30®  yawing,  12-percent-thick,  symmetrical  laminar  suction 
wing  of  7-foot  chord  and  7-foot  span  in  the  Ames  12-foot  high-pressure  tunnel 
(References  8,  9  and  10).  Suction  was  appli  ’  through  93  fine  slots  located 
from  0.5-percent  chord  to  97-percent  chord.  In  order  to  maintain  fully 
developed  spanwise  flow  in  the  test  region  of  the  model,  auxiliary  suction 
slots  and  chambers  were  added  on  both  sides  of  the  test  area.  Two-dimensional 
flow  was  maintained  by  shaping  the  endplates  on  both  sides  of  the  model  according 
to  the  undisturbed  streamlines  around  an  infinitely  long  yawing  wing  of  the 
same  cross  section  and  sweep  working  in  infinite  flow. 

In  the  angle  of  attack  range  between  a  =  -1  to  +1®  full  chord 
laminar  flow  was  maintained  at  five  atmospheres  tunnel  pressure  up  to  a  wing 
chord  Reynolds  number  R^  =  28  x  10^  to  29  x  10°.  The  minimum  total  equivalent 

wing  profile  drag  for  both  wing  sides  at  o  =  1®  was  Cp  =  0.00097  at 
6  “rain 

Rj.  =  28  X  10°,  with  a  corresponding  suction  quantity  coefficient  =  0.00070. 

At  Reynolds  numbers  above  R^.  =  28  x  10^  tunnel  noise,  rather  than  tunnel  turbu¬ 
lence,  seemed  to  contribute  Co  the  formation  of  turbulent  bursts  and  a  rising 
drag  at  o?' s  between  +1®.  9  "  •♦■1.5  and  -1.5®  full  chord  leuninar  flow  was 

maintained  up  to  R^,  =  22  x  10°  and  24  x  10^,  respectively,  and  up  to  21  x  10^ 
at  o  =  -2®.  At  the  larger  negative  angles  of  attack  the  increased  flow  accel¬ 
eration  in  the  front  part  of  the  wing  caused  an  increased  boundary  layer  cross- 
flow  in  this  area,  resulting  in  premature  transition  at  higher  Reynolds  numbers. 
At  0?  =  1.5®  the  occurrence  of  negative  pressure  peaks  close  to  the  leading  edge 
followed  by  decelerated  flow  caused  increased  instability  of  the  chordwise 
component  of  the  boundary  layer  flow,  resulting  in  premature  transition  at 
somewhat  lower  Reynolds  numbers  than  at  o  =  -tl  to  -1®. 

At  higher  wing  chord  Reynolds  numbers  the  chordwise  suction 
distributions  at  a  =  ■♦•1  to  -1®  for  minimum  drag  showed  relatively  high  suction 
rates  in  the  leading  edge  area,  followed  by  weak  suction  in  the  region  of  the 
flat  pressure  distribution  and  relatively  strong  suction  in  the  region  of  the 
rear  pressure  rise.  An  analysis  of  the  boundary  layer  development  in  these 
cases  (Section  II,  Part  1,  Chapter  A  and  References  9,  10  and  11)  showed  that 
the  crossflow  stability  litrit  Reynolds  number  for  the  roos*:  critical  disturbances 


ASD-TDR-63-554 


-vi- 


S^^t^ARy  (continued) 


could  be  exceeded  by  approxlaately  80  percent  at  or  =  0^  in  the  region  from 
the  leading  edge  to  the  beginning  of  the  rear  pressure  rise,  at  or  =  '*'1  and 
>1®  angles  of  attack  and  full  chord  laminar  flow  the  crossflow  stability 
limit  Reynolds  number  at  the  downstream  end  of  the  area  of  the  flat  pressure 
distribution  could  be  exceeded  by  approximately  30  percent  and  over  100  per¬ 
cent,  respectively.  In  other  words,  when  the  chordwise  boundary  layer  flow 
is  less  stable  against  Tollmien-Schlichting  type  of  disturbances  in  the 
presence  of  decelerated  chordwise  flow,  velocity  fluctuations  in  the  cross- 
tlow  boundary  layer  appear  to  be  amplified  at  a  faster  rate.  Vice  versa, 
when  the  chordwise  flow  is  strongly  accelerated  and  thus  highly  stable 
against  Tollmien-Schlichting  oscillations,  the  crossflow  stability  limit 
Reynolds  number  can  be  exceeded  by  a  larger  factor  without  causing  premature 
transition.  It  thus  appears  that  the  growth  of  the  disturbances  in  the  cross- 
flow  component  of  the  boundary  layer  is  influenced  by  the  growth  of  the  chord- 
wise  boundary  layer  oscillations. 

Toward  the  dotmstream  end  of  the  region  of  the  rear  pressure 
rise,  where  the  chordwise  component  of  the  boundary  layer  flow  is  generally 
highly  stable,  the  crossflow  stability  limit  Reynolds  number  could  be  exceeded 
by  over  100  percent  without  transition  in  the  angle  ot  attack  range  between  +1®. 
In  local  areas,  such  as  in  the  region  of  the  leading  edge  at  a  =  -1®  or  in  the 
ncnsuction  region  between  97  percent  and  100  percent  chord,  the  crossflow  sta¬ 
bility  limit  could  be  exceeded  locally  by  considerably  larger  factors. 

With  the  explication  of  low  drag  suction  to  high  subsonic 
speed  jet-propelled  airplanes  the  question  arises  concerning  the  influence  of 
external  sound,  originating  from  the  Jet  exhaust  and  the  rotating  components 
of  the  propulsion  system,  on  the  behavior  of  a  swept  laminar  suction  wing. 

In  order  to  answer  this  question,  low  drag  suction  experiments  were  conducted 
in  the  Norair  7-  by  10-foot  low- turbulence  tunnel  on  the  above-described  30° 
swept  low  drag  suction  wing  in  the  presence  of  longitudinal  and  transverse 
external  sound  of  discrete  frequencies  as  well  as  with  a  continuous  spectrum. 
These  investigations  are  described  in  Section  II,  Part  1,  Chapter  C  and  in 
Reference  12.  Transition  was  caused  by  external  sound  and  originated  usually 
in  the  region  of  the  flat  pressure  distribution.  With  the  wing  in  smooth  con¬ 
dition,  l.e.,  with  surface  cavities  such  as  static  pressure  orifices  sealed, 
and  with  optimum  suction  for  mlnirum  drag  in  the  absence  of  external  sound, 
transition  started  at  120  to  126  db  external  sound  pressure  at  wing  chord 
Reynolds  numbers  between  8  x  10^  to  12  x  10°.*  At  R^  =  10^  the  corresponding 
critical  ratio  of  mean  sound  particle  velocity  u'  to  undisturbed  velocity 
was  u'/Uco  —  1.5  X  10"3,  For  the  smooth  wing  the  critical  sound  particle  velo¬ 
city  ratio  decreased  at  a  somewhat  slower  rate  than  inversely  proportional  to 
the  wing  chord  Reynolds  number.  Transition  could  be  delayed  to  higher  sound 
pressures  by  raising  suction  as  a  whole  or  locally  in  the  area  of  the  flat 
pressure  distribution,  where  transition  otherwise  occurred.  For  example,  at 
Rc  =  10^,  the  criticel  sound  pressure  could  be  raised  to  over  132  db,  corre¬ 
sponding  to  (u' =  3  X  10"3  to  3.5  x  lO"^^  by  increasing  suction  locally 


*The  turbulence  level  of  the  Norair  7-  by  10-foot  tunnel  enabled  full  chord 
laminar  flow  on  this  swept  wing  up  to  R^.  =  13  x  10^  without  external  sound. 
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in  the  region  of  the  flat  pressure  distribution  by  15  percent.  The  corresponding 
increase  in  equivalent  wing  profile  drag  was  only  5  percent  of  the  minimuia 
profile  drag.  Raising  suction  as  a  whole  required  much  larger  increases  in 
total  suction  quantity  to  prevent  transition  at  higher  sound  pressures. 

On  the  sviiept  low  drag  suction  wing  transition  was  usually 
observed  over  a  wide  range  of  sound  frequencies,  and  the  variation  of  the 
critical  sound  pressure  for  transition  with  frequency  was  relatively  small  for 
the  smooth  wing.  In  the  presence  of  open  surface  cavities  such  as  nonsucking 
open  or  imperfectly  sealed  slots  and  open  static  pressure  orifices  the  critical 
sound  pressure  at  transition  was  reduced  considerably  to  values  as  low  as  110 
db  at  higher  sound  frequencies  within  the  frequency  range  for  amplified  Toll- 
mien-Schlichting  oscillations  in  the  region  of  the  open  surface  cavity  in  the 
front  part  of  the  wing. 

According  to  naphthalene  sublimation  pictures,  transition  in  the 
region  of  the  flat  pressure  distribution  in  the  presence  of  external  sound  was 
usually  preceded  by  closely  spaced  chordwise  striations,  indicating  the  forma¬ 
tion  of  chordwise  disturbance  vortices  in  the  presence  of  external  sound.  (With¬ 
out  sound  no  striations  were  observed  in  the  test  Reynolds  number  range.)  Appar¬ 
ently,  in  the  presence  of  external  sound,  disturbance  velocities  are  induced  in 
the  crossflow  boundary  layer  by  amplified  boundary  layer  oscillations  in  other 
directions.  These  disturbance  velocities  are  large  compared  with  the  maximum 
crossflow  velocity.  Due  to  the  presence  of  the  nonlinear  terms  in  the  stability 
equations,  when  the  disturbance  velocities  are  relatively  large  the  crossflow 
stability  limit  Reynolds  number  is  lower  than  the  linearized  stability  theory 
would  predict,  and  chordwise  disturbance  vortices  are  then  generated  in  the 
presence  of  strong  sound  fields.  With  external  sound  hot  wire  measurements  in 
the  region  of  the  flat  pressure  distribution  indeed  showed  amplified  boundary 
layer  oscillations  sufficiently  strong  to  appreciably  reduce  the  crossflow 
stability  limit  Reynolds  number. 

B.  Investigation  of  a  Straight  Laminar  Suction  Wing 

In  contrast  to  a  swept  laminar  suction  wing,  where  the  non¬ 
linear  theory  of  the  stability  of  the  laminar  boundary  layer  had  to  be  used  to 
understand  transition  in  the  presence  of  external  sound,  transition  on  a  straight 
laminar  suction  wing  could  be  correlated  to  a  certain  extent  with  the  linearized 
boundary  layer  stability  theory.  Section  II,  Part  1,  Chapter  C  and  Reference  13 
describe  the  experimental  investigation  of  a  4-percent-thick  straight  symmetri¬ 
cal  laminar  suction  wing  of  17-foot  chord  at  o  =  0®  in  the  Norair  7-  by  10-foot 
low  turbulence  tunnel.  Various  disturbances  such  as  external  and  internal 
sound,  standing  sound  waves  in  the  suction  ducts,  and  m>echanical  vibrations  of 
the  external  wing  surface  were  superimposed.  Suction  appliea  nver  the  whole 
wing  chord  through  a  large  number  of  fine  slots.  I’-_viously,  the  same  wing  had 
been  tested  without  sound  in  the  Norair  7-  by  10-foot  tunnel  with  various  chord- 
wise  pressure  distributions  induced  by  inserts  in  the  tunnel  wall  (Section  II, 

Part  1,  Chapter  B  and  Reference  14).  Full  chord  laminar  flow  up  to  Rc  =  26  x  10^ 
and  23  x  10^  was  maintained  without  inserts  and  with  decelerated  flow  induced  by 
inserts,  respectively. 

The  investigation  of  this  straight  low  drag  suction  wing  in  the 
presence  of  sound  and  surface  vibration  was  conducted  without  tunnel  wall  in¬ 
serts.  Transition  was  caused  by  external  sound,  surface  vibrations,  and  internal 
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noise  in  the  suction  ducts.  These  disturbances  %fere  particularly  critical 
when  their  frequencies  correlated  with  the  freque.xies  fcr  asiplified  chord- 
%d.se  boundary  layer  oscillations.  With  optiuum  suction  (Cq  =  1.1  x  10'^) 
for  ainiaiHi  drag  in  the  absence  of  these  disturbances  the  critical  external 
sounH  pressure  for  transition  at  R^.  =  20  x  10®  was  as  low  as  108  db,  corre¬ 
sponding  to  a  critical  sound  particle  velocity  ratio  u'/U«3!  2.5  x  10*^. 
Transition  due  to  external  and  internal  sound  and  surface  vibration  could 
be  delayed  to  increased  disturbance  levels  by  raising  the  suction  quantities 
prinarlly  in  the  anst  cvitical  .irea,  where  the  disturbance  frequencies  corre¬ 
lated  iflth  the  frequencies  for  aoplified  chordwise  boundary  layer  oscillations. 
Raising  Cq  frou  1.1  x  10"^  (for  one  %iing  surface)  to  1.8  x  10"^  at  R^  =  20  x  10® 
increased  the  critical  external  sound  pressure  for  transition  to  over  130  db, 
corresponding  to  a  critical  sound  particle  velocity  ratio  u'/Uo,  =  2.7  x  10~^. 
Relatively  saall  increases  in  suction  rapidly  raised  the  stability  limit 
Reynolds  number  of  the  chordwise  boundary  layer  flow  and  were  thus  highly 
effective  in  raising  the  critical  sound  pressure  level  for  transition  to 
much  higher  values. 

With  internal  noise  of  certain  discrete  frequencies,  origi¬ 
nating  from  the  suction  compressor,  standing  sound  waves  of  high  intensity  can 
develop  along  the  suction  duct.  In  this  case  transition  at  the  higher  in¬ 
ternal  sound  pressures  (>  140  db  at  the  peak  of  the  standing  sound  waves) 
originated  from  the  location  of  the  suction  holes  underneath  the  suction  slots 
in  the  form  of  turbulent  wedges.  The  latter  did  not  develop  when  the  suction 
holes  and  the  corresponding  slot  were  sufficiently  displaced  in  chordwise 
direction. 

Internal  sound  in  tne  suction  duct  was  generally  similarly 
critical  with  respect  to  transition  as  external  sound.  When  external  and 
internal  sound  were  equally  strong,  the  combination  of  both  sound  sources 
required  a  reduction  of  approximately  three  db  of  both  sound  sources  to  avoid 
transition.  When  internal  sound  was  not  critical,  the  critical  sound  pressure 
of  the  external  sound  was  not  measurably  influenced  by  the  presence  of  the 
weaker  internal  sound  field,  and  vice  versa. 


With  the  drastic  reduction  of  the  friction  drag  on  wings  by 
means  of  boundary  layer  suction  the  parasite  drag  of  the  nonlaminarized  turbu¬ 
lent  fuselage,  etc.,  becomes  increasingly  important.  The  question  therefore 
arises  as  to  the  basic  feasibility  of  full  length  laminar  flow  on  three- 
dimensional  bodies  at  high  length  Reynolds  numbers  by  means  of  boundary  layer 
suction.  In  order  to  partially  answer  this  question,  low  drag  suction  experi¬ 
ments  were  conducted  on  a  12-foot  long  modified  Sears-Haack  body  of  revolution 
of  fineness  ratio  9  on  which  low  drag  boundery  layer  suction  through  120  fine 
slots  was  applied  (Section  11,  Part  1,  Chapter  D-a  and  Reference  15).  In  the 
Norair  7-  by  10-foot  low- turbulence  tunnel  full  length  laminar  flow  was  main¬ 
tained  at  Of  =  0®  angle  of  attack  up  to  Rl  ^  20  x  10®  length  Reynolds  number, 
with  a  minimum  equivalent  total  drag  coefficient  Cj)  =  0.00038  (based  on  body 
wetted  area).  Tunnel  turbulence  and  noise  caused  turbulent  bursts  and  strongly 
increasing  drag  above  R^  =  20  x  10^. 
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Practically  full  length  laminar  flow  over  most  of  the  body 
wetted  area  was  obtained  at  angles  of  attack  up  to  5®  at  length  Reynolds 
numbers  of  15  x  10^  to  18  x  10°. 

At  further  reduced  turbulence  levels,  such  as  In  the  atmosphere 
in  flight,  considerably  higher  length  Reynolds  numbers  with  full  length  laminar 
flow  should  be  feasible. 

-\n  analysis  of  the  experimental  data  (Section  II,  Part  1, 

Chapter  D-b)  at  a  =  0®  angle  of  attack  showed  a  satisfactory  agreet  >nt 
between  the  ex-ierimental ly  observed  and  the  computed  boundary  layer  profiles 
at  the  end  of  the  body,  at  least  on  both  sides  and  the  bottom.  The  top  rake 
at  the  end  the  body  often  showed  a  transitional  boundary  layer  profile  with 
a  somewhat  larger  momentum  loss  than  the  bottom  and  side  rakes. 

SECTION  II  PART  2— EXPERIMENTAL  AERODYNAMIC  INVESTIGATIONS  AT  SUPERSONIC  SPEEDS 

A.  Investigation  of  Flat  Plates  with  Suction  with  and  without 

Incident  Shock  Waves 


The  theoretical  investigations  of  the  stability  of  the  laminar 

boundary  layer  on  a  flat  plate  have  shown  a  rapidly  increasing  stability 

limit  Reynolds  number  at  higher  supersonic  speeds.  It  should,  therefore,  be 

possible  to  maintain  laminar  flow  by  means  of  suction  up  to  higher  length 

Reynolds  numbers  than  at  subsonic  speeds,  as  long  as  boundary  layer  crossflow 

is  not  critical.  In  order  to  verify  this  theoretical  expectation,  low  drag 

suction  experiments  were  conducted  in  the  Tullahoma  supersonic  Tunnel  A  on  a 

laminar  flat  suction  plate,  at  a  =  0®,  with  suction  applied  along  the  entire 

length  of  the  plate  through  76  slots  (Section  II,  Part  2,  Chapter  A-a  and 

Reference  16).  The  suction  air  was  collected  in  eight  suction  chambers.  At 

M  =  3  full  length  laminar  flow  was  maintained  up  to  Rl  =  26.4  x  10^  plate  length 

Reynolds  number,  with  a  corresponding  equivalent  total  drag  and  suction  weight 

flow  coefficient  Cq  =  4.50  x  10"^  (including  the  equivalent  suction  drag)  and 
/  t 

=  2,10  X  10"^,  respectively.  For  comparison,  the  flat  plate  transition 
length  Reynolds  number  in  the  same  tunnel  is  4.0  to  4.5  x  10^  at  M  =  3.  At 
M  =  3.5  full  length  laminar  flow  was  maintained  up  to  R^  =  21.4  x  10^,  and  the 
corresponding  total  drag  and  suction  weight  flow  coefficients  were  Cp^  =  5.65 
X  10"^  and  Cy^  =  2.77  x  10"^,  respectively.  The  maximum  length  Reynolds  numbers 
with  full  chord  laminar  flow  were  limited  by  the  maximum  available  tunnel  pres¬ 
sure  both  at  M  =  3  and  3.5.  At  M  =  3  and  R^  =  26.4  x  10^  the  estimated  ratio 
of  mean  particle  velocity  induced  by  the  sound  from  the  turbulent  boundary  layer 
of  the  wind  tunnel  test  section  to  the  undisturbed  velocity  is  u'/Uos  5;  1.5  to 
2.0  X  10"3,  It  is  remarkable  that  laminar  flow  could  be  maintained  up  to  these 
Reynolds  numbers  in  the  presence  of  the  intense  sound  field  in  the  test  section 
of  the  tunnel.  Thus,  the  experiments  have  verified  the  theoretical  expectation 
that  laminar  flow  by  means  of  suction  should  be  feasible  at  supersonic  speeds 
up  to  quite  high  length  Reynolds  numbers,  at  least  as  long  as  boundary  layer 
crossflow  is  not  critical. 

Weak  incident  shock  waves  at  supersonic  speeds  may  interact  with 
the  boundary  layer  of  laminarized  areas.  The  question  then  arises  concerning 
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the  feasibility  of  laainar  flow  in  and  downstream  of  regions  of  intersections 
%d.th  weak  incident  shock  waves  and,  in  particular,  about  the  effectiveness 
ot  local  boundary  layer  suction  in  the  region  of  the  shock  intersection  in 
raising  the  shock  strength  with  laminar  flow.  In  order  to  answer  these  ques¬ 
tions,  boundary  layer  suction  experiments  were  conducted  by  the  Northrop 
Noralr  Boundary  Layer  Research  Section  and  1.  Greber  (MIT)  on  a  flat  plate 
(designed  and  built  by  the  Northrop  Noralr  Boundary  Layer  Research  Section) 
at  M  ■  2.0  in  the  supersonic  tunnel  of  the  MIT  Gas  Turbine  Laboratory  (Refer¬ 
ences  18  and  19).  An  incident  shock  was  generated  by  an  inclined  flat  plate. 
This  shock  intersected  the  test  plate  along  a  straight  line  in  spanwlse  dire- 
tion.  Suction  was  applied  in  and  downstream  of  the  shock  Intersection  region 
plate  leading  edge  to  the  shock  intersection  position  varied  from  500,000  to 
800,000;  the  total  plate  length  Reynolds  number  was  approximately  twice  as 
large. 


The  following  results  were  obtained .  At  a  length  Reynolds 
number  of  500,000  (based  on  length  from  the  plate  leading  edge  to  the  shock 
intersection)  separation  started  at  a  shock  strength  (pressure  ratio  across 
shock  in  intersection  region)  of  1.20  without  suction,  as  compared  with  a  value 
of  1.62  with  suction  (Cq  was  0.0011,  based  on  the  area  covered  by  the  slots). 
Full  length  laminar  flow  to  the  plate  trailing  edge  was  observed  with  slightly 
stronger  shocks.  The  Schlleren  pictures  showed  a  much  thinner  layer  of 
separated  flow  with  suction  applied  in  the  intersection  region,  as  compared 
with  the  case  without  suction.  As  long  as  suction  was  effective  in  maintaining 
full  length  laminar  flow  on  the  plate,  the  pressure  rise  in  the  shock  intersec¬ 
tion  region  was  steep  but  continuous  and  smooth,  in  contrast  to  the  pressure 
rise  without  suction,  which  generally  showed  a  flat  pressure  plateau  in  the 
separated  region  upstream  of  transition  in  the  shock  intersection  area. 

At  higher  length  Reynolds  numbers  the  critical  shock  strength 
with  full  length  laminar  flow  decreased.  For  exeunple,  at  a  length  Reynolds 
number  of  800,000  (based  on  the  plate  length  to  the  shock  intersection  or 
1.6  X  10^,  based  on  total  plate  length)  the  critical  shock  strength  with  suc¬ 
tion  was  1.45. 


In  many  cases  oblique  shock  waves  generated  by  three  dimensional 
bodies  may  intersect  the  Isuninarized  surfaces  of  a  supersonic  low  drag  suction 
airplane.  The  intersection  of  the  shock  with  the  laminarized  surface  is  then 
a  straight  line  under  an  oblique  angle  to  the  main  flow.  The  question  then 
arises  concerning  the  maintenance  of  laminar  flow  by  means  of  boundary  layer 
suction  on  surfaces  which  are  intersected  by  oblique  weak  incident  shock  waves. 

In  order  to  answer  this  question,  an  inclined  flat  plate  mounted  normal  to  the 
auove-described  supersonic  suction  plate  was  used  in  Tullahoma  Tunnel  A  to  gen¬ 
erate  a  weak  shock  which  intersected  the  test  area  of  the  plate  at  the  shock 
angle  (Section  II,  Part  2,  Chapter  A-b  and  Reference  17).  The  test  surface  and 
the  suction  system  were  the  same  as  during  the  previous  plate  experiments  in 
the  supersonic  Tullahcma  Tunnel  A. 

At  M  =  3  full  length  laminar  flow  was  maintained  on  the  suction 
plate  up  to  the  test  limit  of  Tullahoma  Tunnel  A,  corresponding  to  Rj^  =  26.4  x  lO'^ 
plate  length  Reynolds  number,  at  shock  pressure  ratios  of  1.10.  The  corresponding 
values  for  equivalent  total  drag  and  suction  weight  flow  coefficient  at  M  =  3 
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and  =  26.4  x  10^  were  Cj)^  =  0.00050  and  Cy^  =  0,00027,  respectively.  At 

lower  plate  length  Reynolds  numbers  the  shock  pressure  ratio  for  full  length 
laminar  flow  on  the  plate  increased;  at  M  =  3  and  R-l  =  11  *  10^  laminar  flow 
was  maintained  at  shock  pressure  ratios  up  to  1.17. 

Tnese  results  are  promising  insofar  as  they  basically  prove 
the  feasibility  of  laminar  flow  through  and  downstream  of  regions  of  inter¬ 
sections  of  incident  shock  waves  at  supersonic  speeds  by  raeans  of  boundary 
layer  suction. 

B.  Investigations  of  a  Supersonic  Ogive  Cylinder 

In  addition  to  supersonic  low  drag  suction  experiments  on  a 
flat  plate  and  supersonic  wings,  an  ogive  of  revolution  with  a  cylindrical 
afterbody  was  tested  in  the  12-  by  12-inch  E-1  blowdown  tunnel  in  Tullahoma 
(Section  II,  Part  2,  Chapter  B  and  Reference  20).  Low  drag  boundary  layer 
suction  was  applied  through  29  suction  slots  connected  to  four  individual 
suction  chambers.  (The  small  size  of  the  model  did  not  easily  permit  the  in¬ 
stallation  of  a  larger  number  of  slots.)  Full  length  laminar  flow  at  M  =  2.5 
and  3  was  mair'tained  up  to  a  length  Reynolds  number  of  16  x  10^  and  12  x  10^, 
respectively.  The  corresponding  values  for  the  equivalent  total  drag  and 
suction  weight  flow  coefficient  (based  on  body  wetted  area)  were  at: 

Rlx  10*6  Cct  X  10^  Cwj.  X  10^ 

2.5  15  5.1  2.0 

3.0  12  6.1  1.8 

The  wave  drag  is  not  included  in  these  drag  figures.  At  higher  Reynolds  numbers 
tunnel  noise,  primarily  from  the  blowdov;n  valve,  caused  turbulent  bursts  and 
a  rapidly  rising  drag  with  Reynolds  number. 

C,  Investigations  of  Swept  Wings  with  Supersonic  Leading  Edges 

The  supersonic  laminar  flow  suction  experiments  discussed  thus 
far  were  concerned  with  two-dimensional  boundary  layers  flowing  in  the  direction 
of  the  undisturbed  stream.  The  next  item  to  be  investigated  was  the  effect  of 
boundary  layer  crossflow  at  supersonic  speeds.  Since  two  different  types  of 
potential  flow  fields  exist  on  swept  wings,  depending  on  whether  they  are  swept 
ahead  or  aft  ot  the  Mach  cone,  two  separate  investigetions  were  required. 

A  36°  swept  wing  of  constant  chord  and  a  3-percent- thick  biconvex 
airfoil  section  (perpendicular  to  the  leading  edge)  was  selected  for  investi¬ 
gating  the  effects  of  boundary  layer  crossflow  on  a  swept  wing  with  a  supersonic 
leading  edge  (Section  II,  Part  2,  (’hapter  C-a  and  Reference  21).  Suction 
experiments  were  conducted  at  the  AEDC  Tunnel  A  on  a  model  of  39  inches  chord 
(in  flow  direction)  at  Mach  numbers  between  2.5  and  3.5.  Laminar  flow  was 
maintained  up  to  the  highest  tunnel  pressures,  resulting  in  maximum  length 
Reynolds  numbers  of  the  order  of  17,  25  and  20  x  10^  at  Mach  numbers  2.5,  3.0 
and  3.5,  respectively.  The  Reynolds  numbers  are  defined  by  chord  leiigth  and 
velocity  in  flow  direction.  Two  different  suction  systems  were  built  for  the 
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model y  and  two  separate  tests  were  conducted  to  cover  tne  whole  Mach  and 
Reynolds  number  range*  The  model  with  the  narrower  slots  provided  better 
data  at  M  ”  2*5,  while  better  data  at  M  =  3.5  was  obtained  with  the  wider 
slots.  Two  additional  slots  in  front  on  the  second  suction  system  were  re¬ 
quired  to  cover  the  highest  possible  Reynolds  numbers  at  M  =  3.0  and  3.5. 

The  tests  sho%red  a  higher  sensitivity  of  the  laminar  boundary  layer  to  local 
suction  quantities  and  slot  widths  tnan  was  observed  on  the  previous  models 
without  crossflow.  In  general,  high  suction  was  required  in  the  front  half 
and  low  in  the  rear.  Expressed  in  terms  of  tne  nondimensional  inflow  velocity 
coefficient,  fj  >  2.0  for  x/c  <  0.50;  f*  ~  1.0  -  1.2  near  the  trailing  edge. 

Computation  of  the  laminar  boundary  layer  development  for 
sucn  suction  distributions  gave  values  of  crossflow  Reynolds  numbers  at 
which  full  chord  laminar  flow  was  maintained:  Rq.!  <  ISO  at  70  percent  chord 
and  Rq.I  near  the  trailing  edge  seem  to  be  adequate  design  numbers.  It 

was  observed  at  M  =  3.0  and  3.5  that  further  reductions  in  total  drag  were 
possible  by  a  further  reduction  of  suction  in  the  rear  portion  of  the  wing. 
Although  the  boundary  layer  profile  became  unstable,  the  increase  in  wake 
drag  was  less  than  the  reduction  in  suction  drag.  In  these  cases,  the 
theoretical  laminar  crossflow  Reynolds  number  would  have  been  of  the  order 
ot  350. 


The  location  of  the  first  slot  on  the  36°  swept  suction  wing 
was  determined  on  account  of  the  available  test  results  on  natural  transi¬ 
tion  measurements.  Most  ot  the  published  data  were  obtained  on  swept  wings 
with  flat  surfaces.  A  test  program  on  boundary  layer  transition  measurements 
on  contoured  swept  wings  was  therefore  initiated  (Section  11,  Part  2,  Chapter 
C-b  and  Reference  22).  The  model  had  the  same  cross  section  as  the  36°  swept 
suction  wing;  its  sides  were  cut  off  in  such  a  way  that  sweep  angles  of  24 
and  50°  could  also  be  investigated.  The  model  of  9.45-inch  chord  (perpendic¬ 
ular  to  the  leading  edge)  was  tested  at  the  AEDC  Tunnel  E-1  at  Mach  numbers 
between  2.5  and  5.0.  The  main  result  of  these  measurements  was  that  transi¬ 
tion  was  affected  predominantly  by  the  bluntness  of  the  leading  edge.  The 
crossflow  from  the  swept  cylindrical  nose  was  more  powerful  than  the  crossflow 
which  developed  from  the  pressure  distribution  over  the  curved  surface.  The 
reduction  of  the  transition  Reynolds  number  due  to  sweep  followed  the  trend 
observed  in  NASA  experiments  on  blunt  flat  plate  models. 

D.  Investigation  of  a  Highly  Swept  Supersonic  Laminar  Suction 

Wing,  Swept  Behind  the  Mach  Cone 

In  order  to  obtain  the  maximum  benefit  from  the  application 
of  low  drag  boundary  layer  suction  to  supersonic  airplanes,  it  is  desirable 
to  reduce  the  supersonic  wave  drag,  particularly  due  to  lift,  along  with  the 
reduction  of  the  friction  drag.  Tne  supersonic  wave  drag  can  be  greatly 
reduced  by  distributing  the  aerodynamic  lift  over  a  relatively  large  wing  span 
and,  in  addition,  over  a  large  length.  In  this  respect,  highly  swept  super¬ 
sonic  leuninar  suction  wings  with  subsonic  type  flow  over  a  large  part  of  the 
wing  appear  attractive  from  the  standpoint  of  low  wave  drag.  The  question 
then  arises  concerning  the  basic  feasibility  of  full  chord  laminar  flow  of 
subsonic  type  on  a  highly  swept  wing  at  moderately  high  supersonic  speeds. 

In  order  to  answer  this  question,  low  drag  suction  experiments  were  conducted 


ASD-TDR-63-554 


-xiii 
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in  the  40-  by  40-inch  supersonic  Tullahoma  Tunnel  A  at  M  =  2.0  and  2.25  on 
a  72.5°  yawing  cambered  wing  ot  constant  chord.  These  experiments  are 
described  in  Section  11,  Part  2,  Chapter  D  and  in  Reference  23.  The  design 
ot  a  highly  swept  supersonic  laminar  suction  wing  is  strongly  influenced  by 
boundary  layer  crossflow  consideration,  particularly  in  tne  region  of  the 
steep  rear  pressure  rise.  Relatively  strong  suction  must  then  be  used  in 
the  rear  part  of  the  wing  to  maintain  full  chord  laminar  flow  under  these 
severe  crossflow  conditions.  In  order  to  approach  area  suction,  which  is 
aerodynamical ly  optimum,  a  large  number  of  closely  spaced  suction  slots  are 
required  in  this  area  ot  tne  wing.  With  the  small  scale  of  the  model  and 
the  correspondingly  high  unit  length  Reynolds  number,  tue  slot  spacing 
becomes  very  small  in  the  rear  part  of  the  model,  and  the  maximum  wing  chord 
Reynolds  number  with  full  chord  laminar  flow  is  then  largely  limited  by  the 
slot  spacing  and  the  size  of  the  model.  The  model  was  therefore  designed 
for  wing  chord  Reynolds  numbers  between  5  and  10  x  10^. 

The  experiments  showed  full  chord  laminar  flow  with  a  sub¬ 
sonic  type  pressure  distribution  of  zero  wave  drag  at  M  =  2  and  Cl  =  0.065 
CO  0.07  up  to  R(,  =  9  X  10^  wing  chord  Reynolds  number.  At  M  =  2.25  and 
f^L  =!  0.08  full  chord  laminar  flow  was  observed  with  zero  wave  drag  at  R^  = 

6.5  X  IC^.  The  total  equivalent  wing  profile  drag  for  the  upper  wing  sur¬ 
face  at  Rc  =  8  X  10^  and  M  =  2  was  COao  —  0.0013  (including  the  equivalent 
suction  drag).  This  drag  is  relatively  high  due  to  the  high  suction  quanti¬ 
ties  wnich  are  required  to  avoid  transition  from  crossflow  instability.  In 
contras  o  the  upper  surface,  the  rear  pressure  rise  on  the  lower  wing 
surface  would  be  very  small,  and  very  much  weaker  suction  should  then  be 
adequate  to  r. aintain  laminar  flow  on  the  lower  wing  surface  (the  estimated 
equivalent  profile  drag  of  the  lower  wing  surfac  would  then  be  equal  to 
approximately  half  of  the  value  for  the  upper  suriace). 

A  supersonic  low  drag  suction  airplane  with  highly  swept  wings 
would  most  likely  have  tapered  wings  with  considerably  reduced  wing  sweep  at 
tne  wing  trailing  edge,  with  tne  flow  component  normal  to  the  isobars  being 
sonic  over  the  whole  chord  or  slightly  supersonic  toward  the  trailing  edge. 
With  the  reduced  trailing  edge  sweep  the  crossflow  in  the  most  critical  area 
of  the  rear  pressure  rise  is  then  greatly  alleviated,  as  compared  with  a 
wing  of  constant  chord  without  taper,  resulting  in  reduced  suction  quantities 
and  further  reduced  wing  profile  drags. 

E.  Pressure  Drop  in  Tubes  with  Compressible  Laminar  Flow 

At  supersonic  speeds  the  pressure  drop  through  the  components 
of  the  suction  ducting  system  of  a  low  drag  suction  airplane  or  model  can 
become  large  compared  to  the  absolute  pressure.  Compressible  flow  must  then 
be  assumed  for  the  analysis  of  the  pressure  change  in  the  components  of  the 
suction  ducting  system  such  as  tne  suction  slots,  holes  and  ducts. 

In  order  to  provide  data  for  tne  compressible  laminar  pressure 
drop  in  suction  holes,  the  pressure  distribution  with  laminar  flow  was  meas¬ 
ured  along  the  inside  of  a  circular  tube  of  0.244-inch  inside  diameter  and 
11.3-foot  length  for  several  inlet  Mach  numbers  and  reservoir  pressures 
Pk  ^Sf^ction  11,  Part  2,  Chapter  E  and  Reference  24).  The  pressure  ratio  p/pj^ 
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SUMMARY  (continued) 


^  is  presented  versus  the  nondlmenslonal  tube  length  x/RRg  for  various  inlet 

Mach  niunbers.  Rg  ^o^/vq  is  the  Reynolds  number  based  on  tube  radius  R  and 
the  mean  velocity  at  the  tube  inlet.  With  increasing  values  of  and 
x/RRg  the  density  and  static  pressure  decreased  rapidly  until  choking  occurred 
at  pressures  p  (0.20  to  0.25)p|^,  which  are  considerably  lower  than  for  one'> 
dimensional  tube  flow.  Boundary  layer  measurements  showed  supersonic  flow 
in  the  center  and  subsonic  flow  toward  the  wall  of  the  tube  when  choking  oc¬ 
curred  «  with  an  average  Mach  number  of  approximately  one. 

The  maximum  tube  length  Reynolds  number  with  laminar  inlet 
flow  was  Uox/yo  =  26.1  X  10^  at  M^  =  0.430. 
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SECTION  I 

THEORETICAL  INVESTIGATIONS 


CHAPTER  A.  CURRENT  STATUS  OF  RESONANCE  THEORY  OF  TRANSITION 


'M 


i 


%  • 


r 

I 


G.  S.  Raetz 


(A)  Abstract 


An  improved  form  of  the  resonance  theory  of  transition, 
first  proposed  by  the  author  in  1959,  is  described.  For  simplicity,  isainly 
a  boundary  layer  generated  on  a  flat  wall  by  an  unaccelerated  flow  of  an 
incompressible  fluid  is  considered.  Also,  as  the  conditions  causing  transi¬ 
tion,  mostly  simple  irregularities  at  the  wall  surface  and  in  the  adjoining 
flow  are  assumed.  The  main  features  of  the  resulting  motion  are  deduced 
from  the  continuity  and  Navier-Stokes  equations. 

In  this  deduction,  the  whole  motion  first  is  decomposed  into 
a  basic  flow,  chosen  as  the  laminar  flow  occurring  in  the  absence  of  the 
boundary  irregularities,  and  a  sequence  of  perturbation  flows.  The  basic 
flow  satisfies  a  itonlinear  but  solvable  differential  system,  whereas  the 
perturbation  flows  all  satisfy  inhomogeneous  linear  differential  systems. 

The  first-perturbation  flow,  having  just  homogeneous  differential  equations, 
is  determined  solely  by  the  boundary  values  representing  the  irregularities 
at  the  wall  surface  and  in  the  adjoining  flow.  All  higher-perturbation  flows, 
having  just  trivial  boundary  values,  are  determined  solely  and  recursively 
from  lower-perturbation  flows  by  inhomogeneous  terms  called  driving  functions 
in  their  differential  equations.  Thereby,  the  whole  nonlinear  disturbance 
motion  is  related  directly  and  completely  to  the  boundary  irregularities 
themselves.  Subsequently,  each  perturbation  flow  is  decomposed  into  a  general 
spectrum  of  Fourier  components  with  aperiodically  varying  coefficients. 

According  to  the  theory,  the  main  features  of  transition 
and  also  of  turbulence  are  due  to  partial  resonances  of  some  Fourier  components 
with  the  driving  functions.  The  downstreeun  growths  of  the  coefficients  of  these 
Fourier  components  include  variations  like  the  exponential  growths  of  ordinary 
linear  stability  theory  and,  more  importantly,  other  variations  which  can  be 
much  faster  and  larger.  As  a  result,  the  resonance  theory  seems  to  explain 
many  properties  of  transition  beyond  the  scope  of  linear  theory  and  various 
ether  concepts. 


Furthermore,  the  theory  appears  to  offer  a  possible  way  of 
estimating  transition  motions  and  related  phenomena.  Including  the  actual 
introduction  of  disturbances  by  boundary  Irregularities  and  perhaps  certain 
properties  of  turbulence.  Some  aspects  of  such  calculations  as  well  as  some 
generalizations  of  the  theory  to  other  flows  are  discussed. 

(B) 

Principal  Notation 

‘k 

spacewlse  fundamental  frequency 

®k 

spacewise  harmonic  frequency 

•>k 

spacewise  growth  factor 

c 

phase  velocity 

Manuscript  released  by  the  authors  March  1964  for 
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(B)  Principal  Notation  (continued) 


c* 


i 


"k 

P 

q 

r 


s . 
J 

t 


z 


timewise  fundamental  frequency 
timewise  harmonic  frequency 
bilinear  norm  component 
driving  tensor  component 
resonance  coefficient 
unit  imaginary  number 
unit  outward  normal  component 
pressure 

pressure  (in  adjoining  flow) 
adjoint  pressure 
adjoint  velocity  component 
time 

velocity  component 

velocity  component  (at  wall  surface) 
velocity  component  (in  ac joining  flow) 
Cartesian  coordinate 
Cartesian  coordinate  (at  well  surface) 
Cartesian  coordinate  (in  adjoining  flow) 
distance  from  wall  surface 


a 

B 


C 


jk 


principal  frequency 

frictional  frequency 

normal  frequency 

unit  tensor  component 

perturbation  parameter 

adjoint  velocity  gradient  component 
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(B)  Principal  Notation  (continued) 


% 

^  i  I 


’jk 


adjoint  stress  balance  component 
viscosity  (shearing) 
adjoint  moi&entum  gradient  component 
density 

velocity  product  component 
velocity  gradient  component 
stress  balance  component 


spacevrlse  complex  frequency 
transition  domain 
phase  function 

growth  function  (Initial  or  driving) 
growth  function  (resonance) 

Integration  constant 
resonance  kemal 
pressure  (basic  flow) 
pressure  (adjoining  basic  flow) 

Reynolds  number  (local) 

velocity  component  (basic  flow) 

velocity  con^onent  (adjoining  basic  flow) 


A  reference  length 

T  reference  velocity 

Subscripts*; 

j,  k,  m,  n  tenso.  component  Indices 

4  ^ 


4  r 

*When  the  same  Index  appears  twice  In  a  subscript,  a  summation  of  terms 
over  the  range  of  that  Index  always  is  implied. 


Subscripts:  (continued) 

,k  co-variant  derivative*  (with  respect  to 

,mn  co-variant  derivative*  (with  respect  to  x^,  and  x^) 

,t  partial  derivative  (with  respect  to  t) 

Superscripts: 

ot  harmonic  index  (injection  flow) 

3  harmonic  index  (fluctuation  flow) 

Y  harmonic  index  (resonance  flow) 

K  amplitude  coefficient  (initial) 

X  amplitude  coefficient  (resonance) 

Ui  u*  perturbation  component  indices 

a,  a*  harmonic  component  indices 

T  proper  solution  number 

Miscellanea: 

d(x„)  volume  differential 

m 

0(  )  order  of  magnitude 

(  )  complex  conjugate  value 

(  )  dimensionless  value 

(  )  fluctuation  flow  quantity 

(_)  injection  flow  quantity 

(C)  Introduction 


In  the  development  and  application  of  laminar  flow  control 
techniques,  as  well  as  in  many  other  technical  fields,  a  principal  handicap 
always  has  been  the  lack  of  an  adequate  theory  of  boundary  layer  transition. 

In  fact,  in  all  laminar  flow  control  projects  undertaken  so  far,  this  obstacle 
has  been  overcome  only  by  essentially  empirical  procedures,  such  as  extrapolating 
experimental  transition  data  by  use  of  ordinary  linec.r  stabi lity theory .  ITius, 
notwithstanding  the  notable  success  attained  in  some  of  these  projects,  the 
actual  mechanism  of  transition  never  has  been  fully  understood,  and  progress 
has  been  hindered  accordingly. 


*IdenL5.cal  to  partial  derivative  (in  Cartesian  coordin.  es) 
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(C )  Introduction  (continued) 


In  an  attempt  to  provide  an  adequate  understanding  and  thereby  to 
lay  a  foundation  for  greater  progress  in  the  future,  the  resonance  theory  of 
transition  was  conceived  and  developed.  The  original  form  of  this  theory  first 
was  presented  by  Raetz  (Reference  1).  Later,  it  was  described  briefly  at  the 
Tenth  International  (ingress  of  Applied  Mechanics  by  Stuart  (Reference  53). 

Also,  a  feature  of  this  form  needing  some  clarification  was  pointed  out  at  a 
meeting  of  the  American  Physical  Society  by  Benney  and  Lin  (Referencu  27).  At 
present,  a  substantially  Improved  and  extended  form  of  the  theory,  believed  to 
be  useful  as  a  basis  for  analyzing  and  predicting  transition  phenomena  and  for 
calculating  some  transition  and  turbulence  motions  as  well,  has  been  evolved. 

The  basic  elements  of  this  form  of  the  theory  are  explained  here. 

To  simplify  the  analysis  as  much  as  feasible,  just  a  relatively 
simple  boundary  layer  development  is  examined  in  detail.  Specifically,  except 
for  some  generalizations  indicated  later,  the  boundary  layer  is  assumed  to  be 
generated  on  a  flat  wall  by  an  unaccelerated  flow  of  an  incompressible  fluid. 

Thus,  without  irregularities  at  the  wall  surface  and  in  the  adjoining  flow,  the 
well-known  Blasius  laminar  boundary  layer  would  exist  over  the  entire  wall.  To 
include  elementary  conditions  that  can  cause  transition,  a  weak  simple  injection 
of  fluid  through  the  wall  surface  and  a  weak  simple  fluctuation  of  the  adjoining 
flow  are  assumed  to  occur.  Otherwise,  the  wall  surface  is  regarded  as  completely 
smooth,  and  the  mean  flow  itself  is  regarded  as  uncurved  and  as  parallel  to  the 
wall  except  for  a  slight  deviation  due  to  the  boundary  layer  growth.  For  such 
conditions,  a  (Artesian  coordinate  system  along  with  a  Cartesian  tensor  notation 
is  satisfactory  and  therefore  la  used,  and  a  major  boundary  value  problem  associ¬ 
ated  with  a  rough  wall  is  avoided. 

In  the  analysis,  a  basic  technique  is  to  decompose  each  unknown 
(such  as  the  pressure,  velocity,  or  stress)  into  simple  elements  which,  in  general, 
can  be  investigated  and  calculated  separately  and  relatively  easily.  Tlvus,  after 
decomposing  each  unkno%m  into  its  tensor  components,  each  tensor  component  is 
decomposed  into  a  basic  component  (chosen  as  the  tensor  component  for  completely 
laminar  flow)  and  a  sequence  of  perturbation  components,  and  then  each  perturba¬ 
tion  component  is  decomposed  into  a  multi-dimensional  spectrum  of.  Fourier  com¬ 
ponents  (containing  a  mean  component  as  well  as  oscillation  components).  To 
adequately  cope  with  a  nonlinearity  of  the  problem,  each  Fourier  component  is 
represented  by  a  product  of  a  periodic  phase  function  and  an  aperiodic  Fourier 
coefficient  which  in  turn  is  represented  by  a  product  of  a  growth  function  and 
an  amplitude  coefficient.  The  growth  function  includes  any  rapid  variation  along 
the  wall  surface,  while  the  amplitude  coefficient  includes  the  rapid  variation 
normal  to  that  surface.  Eventually,  in  the  actual  calculations,  the  amplitude 
coefficient  in  an  approximate  form  would  be  decomposed  into  fundamental  solutions 
of  an  ordinary  linear  differential  system.  The  whole  motion  itself  is  constructed 
merely  by  recomposing  the  elements  thus  found.  Although  such  motion  often  may 
appear  to  be  exceptionally  complicated,  relatively  few  of  the  many  possible  ele¬ 
ments  usually  need  to  be  investigated  and  calculated.  Due  to  the  number  of 
decompositions,  though,  the  notation  is  tedious  and  must  be  carefully  treated. 

In  a  corresponding  manner,  the  differential  system  for  the  whole 
motion,  which  includes  the  nonlinear  Navier-Stokes  equations,  is  decomposed  into 
a  basic  system  (identical  to  the  nonlinear  system  for  completely  laminar  flow) 
and  a  sequence  of  perturbation  systems  (all  linear),  and  then  each  perturbation 
system  is  decomposed  into  a  multi-dimensional  spectrum  of  Fourier  systems.  In 
the  first-perturbation  systems,  the  differential  equations  are  ail  homogeneous. 
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(C)  Introduction  (continued) 


whereas  in  the  higher-perturbation  systems,  the  differential  equations  contain 
driving  functions  (inhomogeneous  terms)  that  depend  solely  on  products  of  lower- 
perturbation  components.  Consequently,  the  first- perturbation  components  are 
determined  completely  by  the  boundary  values  representing  the  injection  at  the 
wall  surface  and  the  fluctuation  of  the  adjoining  flow,  and  all  higher-perturba¬ 
tion  components  are  determined  completely  by  their  driving  functions  and  thus 
recursively  from  lower-perturbation  components.  Thereby,  all  Fourier  components 
are  determined  individually  and  explicitly  in  a  sequence  starting  from  the  Fourier 
spectra  of  the  boundary  irregularities  themselves.  In  these  determinations,  by 
extracting  the  phase  and  growth  functions,  the  Fourier  systems  are  reduced  to 
amplitude  coefficient  systems,  which  in  turn  are  approximated  with  sufficient 
accuracy  by  ordinary  linear  differential  systems  that  are  similar  or,  in  many 
cases,  identical  to  the  well-known  Orr-Sommerfeld  system. 

According  to  the  resonance  theory,  the  main  features  of  transition 
and  also  of  turbulence  are  due  to  partial  resonances  of  some  Fourier  components 
with  their  driving  functions.  For  example,  two  Fourier  components,  such  as  one 
from  the  fluid  injection  distribution  and  one  from  the  adjoining  flow  fluctua¬ 
tion,  may  form  driving  functions  having  space  and  time  frequencies  which,  over 
some  part  of  the  wall,  happen  to  almost  coincide  with  the  natural  frequencies  of 
the  driven  Fourier  component.  In  this  case,  over  that  part  of  the  wall,  the 
latter  component  will  grow  rapidly  and  greatly  with  downstream  distance,  although 
elsewhere  it  usually  will  grow  or  decay  only  slowly.  Such  variations  are  included 
in  the  applicable  growth  function,  which  therefore  is  especially  important  in  the 
analysis.  Likewise,  over  other  parts  of  the  wall,  other  partial  resonances  from 
other  pairs  of  Fourier  components  of  the  same  or  other  perturbations  may  occur. 

In  the  whole  process,  the  mean  components  of  some  perturbations  can  become  large, 
causing  a  large  distortion  of  the  whole  mean  flow,  and  certain  oscillation  compo¬ 
nents  of  various  perturbations  can  become  significant,  producing  a  variety  of 
oscillatory  phenomena  like  those  observed  at  transition  and  in  turbulence.  Con¬ 
versely,  over  a  part  of  the  wall,  for  certain  boundary  values,  motions  resembling 
those  predicted  by  ordinary  linear  stability  theory  can  appear,  and  over  other 
parts  of  the  wall,  motions  resembling  those  of  other  theories  evidently  can  occur 
insofar  as  such  theories  are  valid.  Thus,  it  appears  that  many  correlations  with 
experimental  observations  on  transition,  as  well  as  with  the  verifiable  parts  of 
related  theories,  eventually  can  be  established. 

In  more  general  boundary  layers,  various  special  phenomena  can 
be  caused  by  similar  resonances.  For  example,  when  the  wall  surface  is  appropri¬ 
ately  curved,  Gtfrtler  vortices  can  be  produced,  and  when  the  adjoining  flow 
is  sufficiently  curved,  crossflow  vortices  can  be  generated.  In  the  resonance 
regions,  the  growth  of  these  vortices  with  downstream  distance  will  differ  sub¬ 
stantially  from  that  predicted  by  ordinary  linear  stability  theory,  perhaps 
explaining  a  discrepancy  between  that  theory  and  experiment.  Also,  the  effect 
of  wall  vibration  and  external  sound  on  the  boundary  layer  development  apparently 
can  be  explained  satisfactorily  by  partial  resonances.  Moreover,  it  appears 
that  the  influence  of  wall  roughness  on  transition  and  turbulence  can  be  fore¬ 
cast  once  a  suitable  technique  for  handling  an  associated  linear  boundary- value 
problem  is  developed.  Furthermore,  analogous  resonances  can  occur  in  compressi¬ 
ble  flows,  probably  explaining  the  principal  features  of  transition  at  subsonic, 
supersonic,  and  even  hypersonic  speeds.  Indeed,  in  still  more  general  flows, 
important  features  of  a  variety  of  critical  phenomena  --  such  as  the  combustion 
instability  of  rocket  motors,  the  plasma  Instability  of  thermonuclear  power 
devices,  and  the  general  circulation  of  the  atmosphere  --  probably  can  be 
explained  and  analyzed  in  terms  of  similar  partial  resonances. 
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(C;  Introduction  (continued) 

Due  to  the  large  number  of  other  investigations  of  transition 
that  have  been  and  are  being  conducted,  a  proper  resume*  of  other  transition 
theories  delineating  between  seemingly  valid  and  invalid  aspects  would  be  too 
lengthy  to  be  practical  here.  However,  some  of  the  current  theories  and  related 
work,  as  well  as  references  to  earlier  research,  are  included  in  the  papers  listed 
as  references.  Needless  to  say,  the  present  theory  is  indebted  to  these  and  other 
theories  and  investigations  for  some  techniques  and  details  and  also  for  some  hints 
as  to  promising  and  unpromising  directions  of  search.  Also,  in  developing  this 
theory,  the  author  pereonelly  wee  aided  by  many  discussions  with  Dr.  Vfemer 
Pfenninger.  This  asa..8tance  is  acknowledged  with  gratitude. 

(D)  Differential  Systems 

To  adequately  explain  the  theory,  several  differential  systems  and 

some  special  quantities  and  concepts  first  must  be  introduced.  The  inherent  com¬ 
plexity  of  transition  seems  to  preclude  a  satisfactory  simpler  approach,  at  least 
in  this  preliminary  exposition. 

( 1 )  General  System 

To  represent  the  transition  region,  Cartesian  coordinates 
(k  «  1,2,3)  are  used,  the  boundary  layer  being  generated  on  a  wall  surface 

at  X3  *  0  by  an  adjoining  iliw  at  X3  =  es.  When  necessary  to  be  more  specific, 
the  whole  mean  flow  is  regarded  as  in  the  positive  xpdirection.  The  velocity 
components  uj  (j  =  1,2,3)  and  the  pressure  p  vary  with  the  coordinates  and  also 

the  time  whereas  the  density  p  and  the  viscosity  u  are  constants.  Co-variant 
derivatives,  which  in  these  coordinates  are  identical  to  partial  derivatives,  are 
denoted  by  a  subscript  comma  followed  by  the  subscript  indices  associated  with 
the  varied  coordinates;  for  example,  uj^j^  =  ^Uj/Sx^^  and  Uj  =  B^u^/Sx„Bxn 
(m.n  =  1,2,3).  Similarly,  timewise  partial  derivatives  are  denoted  by  a  sub¬ 
script  comma  followed  by  a  subscript  letter  t  for  each  differentiation;  for 
example,  =  duj/^t.  Wherever  the  same  index  appears  twice  in  a  subscript, 

a  summation  of  terms  over  the  range  of  that  index  always  is  implied;  for  example, 

Uj  j  =  Ui  1  U2  2  *  '^3,3*  ^This  convention,  though,  is  not  extended  to  super¬ 
scripts.)*  ’  * 


In  this  notation,  the  differential  equations  of  the  whole 
motion,  which  include  the  Incompressible  continuity  and  Navier-Stokes  equations, 
usually  would  be  expressed  in  a  form  such  as 

“j.j  ■  ° 


=  -P.J  *  ““J.kk 

where  j  and  k  range  over  1,2,3  (see,  for  example.  Reference 25).  Here,  ho»/ever, 
another  form  is  more  convenient  and  therefore  is  used.  Thus,  to  confine  the 
nonlinearity  to  a  simple  algebraic  relation,  the  velocity  product  components 
cPjj^  “  UjUjj  are  introduced,  and  to  allow  a  first-order  system  the  velocity 
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(1)  General  System  (continued) 


gradient  components  k  included.  Also,  to  arrive  at  shorter  equa- 

^  tions  later,  the  stress  balance  components  u)j^  =  pbjj^  -  ^kj  ^ 

^  used,  where  the  unit  tensor  cooponents  5jk  equal  1  if  j  ■  k  but  equal  0  If  j  #  k. 

ts  Thus,  the  equations  to  be  considered  are 

Cjk  =  UjUjj 

•jk  =  ^j.k 

‘^jk  =  P'-^jk  P^jk  ■  ^2) 

.  =  0 
JJ 

P'-j.t  ♦  '"jk.k  =  “ 

where  j,k  =  1,2,3.  Equations  (1)  are  regained  merely  by  eliminating  tjk* 

and 


As  will  become  apparent,  several  boundary  conditions  for 
these  equations  already  are  implied  by  the  type  of  motion  considered.  Conse¬ 
quently,  as  boundary  values,  just  the  wall  surface  velocity  components  vj 

(j  =  1,2,3)  along  with  the  adjoining  flow  velocity  components  Wj  (j  =  1,2,3) 
and  the  adjoining  flow  pressure  q  are  needed  here.  Thus,  identifying  coordinates 
at  the  wall  surface  and  in  the  adjoining  flow  by  the  superscripts  o  and  », 
respectively,  the  boundary  conditions  to  be  imposed  explicitly  are 


u .  (x 
J 


o 

k 


,t) 


V  . 

J 


U  .  (  X,  ,  t )  =  w . 
J  k’  J 


(3) 


where  j,k  =  1,2,3  and  vj,  w j ,  q  are  given  functions.  As  is  essential,  wj  and  q 
are  to  satisfy  Equations  (1)  or  (2)  within  the  adjoining  flow  itself. 

( 2 )  Perturbation  Systems 


To  obtain  a  sequence  of  differential  systems  that  can  be 
solved  in  a  convenient  manner,  all  dependent  variables  are  represented  by 
perturbation  series  in  a  perturbation  parameter  c,  which  is  stipulated  later. 
Perturbation  coefficients  are  distinguished  by  the  superscript  u  (or  u*)  alone 
whereas  parameter  powers  are  indicated  by  parentheses  with  the  superscript  u 
attached.  For  example,  the  velocity  components  and  the  pressure  are  to  be 
represented  as 


u 


j 


■TO 

o 


u 

Uj(e ) 


V 


P 


no 

"O 


V 

p 


(e) 


(A) 
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(2)  Perturbation  Systetas  (continued) 


Substituting  such  series  and  equating  coefficients  of  equal  powers  of  c,  Equations 
(2)  and  (3)  decompose  into  the  perturbation  differential  equations 


V  _v  u-u*  u* 

®jk  “  ^o 

«  u'" 

jk  j,k 


'jj 


=  0 


and  the  perturbation  boundary  conditions 


(5) 


“j  -  ''j 

uj  =  wj  (6) 


where  u  =  0,1,2,...,®  and  vj,  w^,  q^  are  given.  These  systems  are  to  be  solved, 
insofar  as  is  necessary,  separately  but  recursively  (in  the  same  order  as  their 
perturbation  orders).  In  most  cases,  based  on  available  evidence,  the  resulting 
series  should  converge  satisfactorily.  Otherwise,  in  exceptional  cases  not 
covered  here,  incorporation  of  some  technique  for  summing  slowly  converging  or 
diverging  series  (see,  for  example.  References  35  and  36)  might  be  desirable  or 
necessary*. 

The  singular  perturbation  component  for  v  ^  0,  called  the 
basic  flow,  is  chosen  to  be  the  steady  laminar  flow  that  would  occur  if  the  wall 
surface  irregularity  and  the  adjoining  flow  fluctuation  were  absent.  Thus, 
replacing  lower  by  upper  case  letters  for  emphasis,  the  basic  flow  system  is 


jk 

o  ,.o 
■jk  "  ^j,k 


)  (7) 

jk  ^  Jk  jk  ^  jk  kj 

-  0 


*For  example,  a  truly  parallel  flow,  such  as  an  asymptotic  suction  boundary 
layer,  may  entail  questionable  convergence. 
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(2)  Perturbation  Systems  (continued) 


and 


o  o 

Uj(xy^,t)  =  0 

Uj(xJ,t)  =  Wj  (8) 

P°(xJ,t)  =  Q° 

where  W°  and  Q°  are  given  constants,  =  0,  and  need  not  be  given.  (W^  is 
ascertainable  by  substituting  W®,  and  Q°  into  Equations  (7).)  Due  to  the 
quadratic  terms  in  the  first  equation,  the  basic  flow  system,  unlike  the  other 
perturbation  systems,  is  nonlinear.  However,  upon  eliminating  and 

wjy^.  Equations  (7)  reduce  to  the  steady  continuity  and  Navier-Stokes  equations, 

which  can  be  approximated  satisfactorily  by  steady  laminar  boundary  layer  equa¬ 
tions.  In  fact,  as  explained  later,  the  resulting  system  yields  merely  the 
well-known  Blasius  laminar  boundary  layer  as  the  basic  flow. 

After  ascertaining  the  basic  flow,  the  perturbation  compo¬ 
nent  for  u  =  1  i-  obtained  from  the  differential  equations 


I  _  l,,o  ^  ,,o  I 
»jk  -  “j^k  *  “A 

»jv  '  “i.k 

I  -  1  X  It 

ujjk  -  pcpju  P  Sjk 


=  0 
JJ 


1 


^  ^jk,k  =  ° 


(9) 


which  are  both  linear  and  homogeneous.  Thus,  this  component  is  determined  solely 
by  the  boundary  values  representing  the  boundary  irregularities.  In  fact,  it  is 
the  sum  of  two  simpler  elements:  one  determined  by  the  fluid  injection  distri¬ 
bution,  called  the  injection  flow  and  distinguished  by  an  underline;  and  the  other 
determined  by  the  adjoining  flow  fluctuation,  called  the  fluctuation  flow  and  dis¬ 
tinguished  by  an  overllne.  In  most  of  the  analysis,  just  normalised  Injection 
and  fluctuation  flows  are  r-'quired,  the  appropriate  boundary  conditions  therefore 
being 


u^(x°,t)  = 

j  It  j 

1  CC 

Uj(Xk,t)  =  0 

\  ,  as 

pMxk.t)  =  0 


(10) 
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(2)  Perturbation  Systeas  (continued) 


and 


uj(xj,t)  «  0 

_1  *  — 1 

Uj(x,^.t)  »  Wj 


(11) 


where  are  normalized  boundary  values  ascertained  from  the  boundary 

^  —1  —1 

irregularities.  As  Is  necessary,  w*  and  q  are  to  satisfy  Equations  (9)  with 
o  o 

Uj  replaced  by  Uj.  Where  required,  the  actual  injection  or  fluctuation  flow  is 

obtained  merely  by  multiplying  the  normalized  flow  by  an  injection  parameter 
e  or  a  fluctuation  parameter  "tt  respectively.  Along  with  this  normalization, 
the  perturbation  parameter  itself  is  chosen  as 


-  1^2 
€  *  (  €  ^, ) 


(12) 


so  that,  as  is  appropriate,  e  depends  solely  on  the  magnitudes  of  the  boundary 
irregularities.  Correspondingly,  the  whole  perturbation  component  is  normalized 
by  dividing  its  actual  quantities  by  c. 

With  all  boundary  irregularities  thus  taken  into  account, 
each  higher  perturbation  component,  for  v  ^  2,  is  determined  solely  by  a  driving 
tensor  with  the  components 


■jk 


=  E 


U-1  u-u 

1  "j 


(13) 


which  in  turn  are  determined  solely  by  lower  perturbation  components.  Thus,  the 
higher  perturbation  components  are  obtained  recursively  using  this  relation 
together  with  the  inhomogeneous  but  linear  differential  equations 


w 

f 

Cl 

t 

mi 

ti 


e< 

S( 

ti 

fi 

mi 

ha 

fi 

er 

qi) 

ir 

wh 

qu 

th 

qu 


cpjk  = 

’•'jk  '  '‘j.k 

U  U  U  /U  V\ 

^jk  “  P'Pjk  ^  P  ^jlc  ’  ^  ’^kj^ 

tjj  *  0 

pUj,t  v,k  “  0 

and  the  trivial  boundary  conditions 


(14) 


Eai 


-11- 


(2) 


Perturbation  Systems  (continued) 


Uj(x°,t)  =  0 

u^(Xj^,t)  =  0  ( 15) 

V  ® 

p  (xjj.t)  =  0 


where  v  =  2,3,...,cc.  Just  normalized  perturbation  components  must  be  and  there¬ 
fore  are  determined  from  this  system,  the  recursive  relationship  yielding  such 
c(»nponents  when  just  normalized  first  perturbation  quantities  are  used  in  Equa¬ 
tion  (13).  Where  necessary,  each  actual  perturbation  component  is  obtained  by 
multiplying  the  normalized  component  by  a  power  of  e,  this  power  being  equal 
to  the  perturbation  order. 


(3)  Fourier  Coefficient  Systems 

To  adequately  express  the  Intricate  motions  of  transition, 
each  quantity  of  each  perturbation  component  except  the  basic  flow  is  repre¬ 
sented  by  a  complex  Fourier  series  which  extends  over  each  coordinate  and  the 
time  and  also  has  aperiodically  varying  coefficients.  The  spacewise  fundamental 
frequencies  a|^  (k  =  1,2,3)  and  the  timewise  fundamental  frequency  c*  are  deter¬ 
mined  solely  by  the  boundary  irregularities.  Specifically,  these  frequencies 
have  the  largest  real  values  that  enable  an  adequate  representation  of  both  the 
I  fluid  injection  distribution  and  the  adjoining  flow  fluctuation.  However,  to 
1  encompass  nonperiodic  as  well  as  periodic  boundary  irregularities,  these  fre- 
‘  quencies  may  approach  zero  as  a  limit,  the  Fourier  series  then  becoming  Fwirier 

1  integrals.  Introducing  a  harmonic  index  c  with  four  components  (o^,  c^,  o^,  c^) 
which  each  range  over  0,±1,±2, . . .  ,±oo,  the  spacewise  and  timewise  harmonic  fre- 

:  quencies  are  a^  =  aj^o*'  (k  =  1,2,3)  and  c®  =  c*a^,  respectively.  Designating 

;  the  value  (0,0, 0,0)  by  0  and  the  value  (-c^,-a^,-c^,-o^)  by  -o,  these  fre¬ 
quencies  obey  the  relations 


0 


-c 


c 


C-Oic  .  „0*  _  ^0 

®k  * 


C-O*  G* 
C  +0 


c 


c 


Each  terra  of  each  Fourier  series  contains  the  phase  function 


O  C  W 

£  =  exp  Kaj^x^  +  c'^t) 


(16) 
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(3)  Fourier  Coefficient  Systems  (continued) 


With  the  i^>ortant  properties 


1 


£.  E  »  £. 


and 


C  G 

»  ia  E 

k 


6  »  ic  E 

.t 


where  1  is  the  unit  imaginary  number  and  the  overecript  denotes  the  complex 
conjugate  value.  Although  tleiewise  oscillations  necessarily  are  encompassed, 
just  spaceuise  variations  of  the  coefficients  themselves  must  be  considered 
here  (since  the  boundary  layer  is  “equilibrated"  in  time).  Thus,  each  coeffi¬ 
cient  is,  at  most,  an  aperiodic  cof^ilex  function  of  the  coordinates  alone.  For 
example,  the  velocity  components  and  the  pressure  of  each  perturbation  component 
except  the  basic  flow  are  represented  as 


V  „  va.  ,  a 

Uj  *  2,  Uj  (Xjj/E 

y  T.  VC,  ,,,3 

p  *  I,  p  (xjj)E 


(17) 


where  the  summation  extends  over  the  whole  range  of  each  harmonic  index  component. 
Finally,  since  aU  physical  quantities  are  real,  the  two  members  of  each  pair  of 
coefficients  for  each  pair  of  values  ±a  necessarily  are  complex  conjugates.  For 

example,  since  p’''  « 


VCpC 

p  £ 


«  y; 

*  r 

V  O  -wU  ,  "  o 

whence,  equating  coefficients  of  equal  phase  functions,  p  ‘  p  .  (Super¬ 
script  coit»as,  unlike  subscript  commas,  merely  separate  Indices  as  necessary.) 

In  actual  boundary  layer  developments,  the  boundary  layer 
values  at  the  wall  surface  and  in  the  adjoining  flow  generally  contain  large 
spectra  of  influential  Fourier  components.  In  fact,  even  f  he  elementary 
boundary  irregularities  concerned  here,  the  non-trivial  bounuary  values  of  the 
fi rut-perturbation  component  ordinarily  would  be 
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(3)  Fourier  Coefficient  Svatems  (continued) 


I 


_  1 0-0 

r  Vj  E 


E  civ 


Z 


(18) 


where  each  component  of  o  may  range  over  many  Integers  and  the  Fourier  coef fi¬ 
le  _lo  — Ic 

dents  Vj  •  Wj  ,  q  may  be  aperiodic  functions  of  the  coordinates.  Ho%fever, 

in  the  analysis  itself,  many  fundamental  details  can  be  explained  adequately 
and  simply  In  tenns  of  just  single  Fourier  components  of  relatively  elementary 
types.  Therefore,  for  the  present,  only  such  spectra  are  considered,  generali¬ 
zations  to  other  spectra  being  discussed  later.  Specifically,  except  when  other¬ 
wise  indicated,  the  fluid  injection  distrlbutloi  :.s  to  Include  just  an  exactly 
simple-harmonic  stationary  wave,  distinguished  by  using  the  superscript  lo  in 
place  of  other  identification;  and  the  adjoining  flow  fluctuation  is  to  include 
just  a  nearly  simple-harmonic  traveling  wave  propagated  parallel  to  the  wall, 
distinguished  by  using  the  superscript  l^irt  place  of  other  identification.  For 
such  spectra,  the  whole  motions  at  the  wall  surface  and  in  the  adjoining  flow 
are 


o 


o 

q  =  Q  ♦ 


lot,  lcr_lo 
(Vj  E 

13, 

—Id  -;<lo, 

(wj  E 

♦  Wj  E  . 

Ip  lp_l9 

-U3  ->lc, 

(q  E 

+  q  E  ] 

(19) 


where  =  c^^  =  a^^  =  0  and  are  normalized  constants  while  wj*^  and  q^^ 
are  normalized  weak  aperiodic  functions  of  the  coordinates.  For  definiteness, 
the  orders  of  magnitude  of  Wj,  Q°  and  q^^  are  taken  as  unity--both 

and  along  with  e  =  therefore  being  much  smaller  than  unity 

(since  only  weak  boundary  irregularities  are  involved). 


For  the  boundary  values  under  consideration,  the  normalized 
injection  and  fluctuation  flows,  being  solutions  of  homogeneously  linear  diff¬ 
erential  equations,  can  be  represented  by  two- terra  series  such  as 


1  10’„1q'  ~1g~1o 

u  ■  =  u  .  E  u  .  E 

J  J 

1  Io^Iq  ~1q'~1o' 

p  =  p  li  +  p  c. 
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(3)  FourlT  Coefficient  Sv«tea>  (continued) 


and 


_1 


Uj  E 
plSglS 


♦  Uj  E 

♦  plB^la 


(21) 


respectively.  Hence,  substituting  such  expressions  Into  Equations  (9)  and 
equating  coefficients  of  equa.  phase  functions,  a  single  Fourier  coefficient 
system  for  each  flow  Is  obtained.  For  the  Injection  flow,  the  differential 
equations  are 


la  _  lo„o  ^  ,,o  la 
«jk  ■  “j  “k  “)“k 


la  la  la 
Vjk 


_  la 

‘“j  ‘k  *  “j.k 


lor  _  lor  ,  ^lot^  / ,  la  *  ^la^ 

■“Jk  ‘>«Jk  *  f  ‘jk  •  “‘'jk  *  ‘kj’ 

la  _ 

ipc^®uj®  ♦  ♦  “'jk,k  •  ® 


(22) 


with  a3^  «  c^^^  ■  0.  For  the  fluctuation  f lov,  the  differential  equations  are 

IB 

the  same  as  Equations  (22)  except  with  a  replaced  by  3  and  with  a3  *0.  The 
applicable  boundary  conditions  are 


la.  o- 
“j  <*k> 


la 


la/ 

Uj  (K^) 


=  0 


(23) 


and 


IB/  o. 

Uj  (x,^) 

15  ® 

p^^(xj^) 


18 

''j 

/.Ifl 


(24) 


where  v 


la  .Ip  ^10 


la 


j  »  ''j  *  9  are  coefficients  from  Equations  (19).  Whereas  Vj  are  to  be 
constants,  Wj^  and  q^^  are  to  be  weak  aperiodic  functions  of  the  coordinates 
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(3)  Fourier  Coefficient  Systems  (continued) 


satisfying  Equations  (22)  with  Uj  replaced  by  Wj,  The  whole  pertur¬ 
bation  component  for  y  =  1  can  be  represented  by  four-term  series  such  as 


.p‘  =  .  £‘“(p‘V9  ♦ 


(25) 


obtained  :rom  Equations  (20)  and  (21).  Here,  as  well  as  for  the  more  general 
boundary  values,  this  perturbation  component  does  not  contain  a  mean  Fourier 

component  (with  the  phase  function  E°).  If  the  boundary  irregularities  con¬ 
tained  a  mean  Fourier  component,  it  could  and  therefore  would  be  included  In 
the  boundary  values  of  the  basic  flow  itself,  always  leaving  the  first-pertur¬ 
bation  spectra  without  any  mean  component. 

Substituting  general  Fourier  series  into  Equations  (13)  and 
equating  coefficients  of  equal  phase  functions,  the  general  Fourier  coefficient 
of  the  driving  tensors  is  obcained  as 


f 


uc 

jk 


u- 1 


(26) 


where  u  =  2,3,...,ao  and  each  component  of  o  and  may  range  over  0,tl,±2, . . .  ,±«d. 

Thus,  each  such  coefficient,  besides  belonging  to  a  generally  large  spectrum, 
involves  a  generally  large  sum  of  pro^'Mcts  of  quantities  from  lower  perturbation 
components.  However,  the  actual  value  of  these  coefficients,  being  dependent 
on  products  of  small  actual  quantities,  usually  are  very  small.  In  fact,  in 
most  boundary  layers  of  practical  interest,  the  Fourier  components  of  the  driv¬ 
ing  tensors  can  significantly  affect  the  motion  only  at  relatively  infrequent 
conditions.  These  exceptional  conditions,  as  elucidated  later,  are  those  allow¬ 
ing  strong  partial  resonances  between  the  driving  and  the  driven  Fourier  compo¬ 
nents  over  long  str-^itches  of  the  bounds  y  layer.  Consequently,  due  to  this  for¬ 
tunate  feature,  just  a  relatively  small  number  of  the  Fourier  coefficients  of 
the  driving  tensors  must  be  considered.  Furthermore,  in  the  sum  for  each  of 
these  coefficients,  as  will  become  evident,  merely  a  few  exceptional  terms  con¬ 
tribute  significantly  to  the  partial  resonance  and  therefore  roust  he  retained. 

In  the  particular  boundary  layer  concerned  here,  wherein  the  first  perturbation 
component  has  just  finite  spectra,  the  driving  tensor  components  also  have  just 
finite  spectra  and  the  sums  are  finite  as  well.  Nevertheless,  as  will  be  explained, 
relatively  few  of  even  these  coefficients  and  terms  need  to  be  analyzed. 

In  particular,  the  driving  tensor  for  v  =  2  has  the  components 


^jk  *  ^j^k 

and  therefore,  using  Equations  (25),  just  the  Fourier  components  In  the  expression 
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(3)  Fourier  Coeffi  lent  Systems  (continued 


lo  1.'  2 
«  '*  ^Jk 


r  la,  lo^la 

[  £  (Uj  C. 


♦ 


-  1q„-  la 

Uj  t. 


)  ♦ 


1= .  1d-Ic 
e  (ui  E 


♦  u 


)] 


^  la  la  lo  -lev  -la  le  IB  IB 
X  (u  £  ♦  u,  E  )  ♦  ■:  (u,  E  u,  E  )] 

k  k  k  k 


Thus,  in  this  case,  each  driving  tensor  component  has  only  five  distinct  Fourier 
components,  these  being  one  real  mean  component  with  the  phase  function  E°  and 
four  complex  oscillation  components  with  the  phase  functions  E  E  ,  E  ‘^E 

and  Moreover,  due  to  the  restricted  range  of  the  natural  fre¬ 

quencies  of  the  driven  Fourier  components  ( see  Part  (0-3),  just  one  of  these 
oscillation  components  has  a  possibility  of  yielding  a  significant  partial 
resonance,  this  component  being  the  one  with  the  phase  function  E^^E^^  or 
la  1 ' 

F  /£  '' f  depending  on  the  particular  harmonic  frequencies  Involved.  For  defi¬ 
niteness,  this  exceptional  component,  to  be  distinguished  by  the  superscript 
2-.,  presently  is  assumed  to  have  just  the  phase  function 


gla-l, 


with  the  harmonic  frequencies 


2>  la  lo 
®k  ’  '‘k  ^  ®k 


(27) 


where  k  *  1,2,3.  Hence,  for  v  *  2,  just  the  mean  components  as  evaluated  from 
merely  the  dominant  terras  of  the  relations 


la  10^2,0  _  la  la,  la  -la  ^  -Ic.  lov 
'  '  f jk  '  '  '  ‘“i  “k  *  “j  “k  ' 


and  just  the  oscillation  components 


(28) 


2-y  la  It  It  la 
^jk  *  “j  ”k  ^j  ^k 


(29) 


must  be  considered  further.  In  fact,  for  this  particular  value  of  v,  &s  will 
be  explained,  even  the  mean  components  usually  should  be  negligible. 


Similarly,  the  driving  tensor  for  u  ^  3  has  the  components 


.3  I  2 
‘jk  '  “j“k 


2  1 
^  ^j“k 
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(3)  Fourier  Coefficient  Systems  (continued) 


of  which  relatively  few  Fourier  components  are  important.  In  this  case,  a  mean 
component  is  not  included,  the  same  being  true  for  all  other  odd  values  of  u. 

Any  oscillation  component  of  importance,  as  will  become  apparent,  has  a  phase 

function  which  is  the  product  or  quotient  of  with  either  E^®  or 

3v 

As  in  the  case  for  u  ^  2.  just  the  terms  in  the  coefficient  of  £  must  be  kept. 
Moreover,  the  driving  tensor  for  u  =  4  has  the  components 

A  1  3  2  2  3  1 

=  ^j“k  «j“k  “j^k 

of  which  few  Fourier  components  loust  be  retained.  In  this  case,  a  mean  component 
component  is  involved,  as  is  true  for  all  other  even  values  of  u.  Also,  any 

oscillation  component  of  importance  now  has  a  phase  function  composed  of  the 

square  of  E  or  a  combination  of  E  ^  with  either  £  or  £  .  Hence,  all  terms 

except  those  in  the  coefficients  of  E°  and  E^^  can  be  omitted.  Finally,  the 
driving  tensors  for  the  higher  values  of  v  car  be  simplified  in  the  same  way. 

Consequently,  using  the  superscript  A  to  denote  the  relevant 
lower  perturbation  quantities  and  otherwise  replacing  lower  by  upper  case  letters 
for  emphasis,  the  mean  Fourier  coefficients  of  the  perturbation  components  for 
V  =  2, 4,..., a,  are  obtained  from  the  mean  driving  coefficients 


fU  _  A —A 
*^jk  =  “k 

and  the  differential  equations 


u  y  o  o  u  y 

Sk  =  ^j\  ^  ^j\  ^  fjk 
‘jk  ^J,k 

‘"^jk  "  '‘'kj^ 


=  0 


^jk,k  =  0 

with  the  boundary  conditions 


(30) 


(31) 


Uj(xJ)  =  0 

Uj(x^)  =  0  (32) 

P"(x")  =  0 
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(3)  Fourier  Coefficient  Systems  (continued) 


Eventually,  the  whole  mean  motion  could  be  expressed  In  perturbation  series  such 
as 


Uj  «  U°  ♦  L  (Uj  ♦ 

P  s  p°  ♦  r  (P'^  ♦  P^)(<t>^ 


(33) 


where  v  °  2,4,  ...,ea.  However,  In  the  boundary  layer  concerned  here,  besides  the 
singular  terms  for  y  =  0,  probably  just  the  terms  for  y  =  4  will  be  large  enough 
to  merit  consideration  within  Che  creneicion  region. 

Likewise,  using  the  superscripts  6  and  c  to  denote  the  rele¬ 
vant  lower  perturbation  quantities,  the  oscillation  Fourier  coefficients  of  the 
perturbation  components  for  are  obtained  from  the  oscillation  driv¬ 

ing  coefficients 


Cl  €  C  fj 

fjk  “  Uj^k  ♦  “j“k 
and  the  differential  equations 


uV  u  o  o  u\  j.'Y 

^jk  *  ^k  ^  ^j’^k  *  ^jk 

.  vv  yv  \}y 

’jk  '  ""k  ^  “j,k 

v\  yv  yv  vy  uv 

■^ik  “  P-^k  *  P  ^jk  ”  ^  ik  ^  ’kv 


jk  *  P-jk 

y\ 
jj 


jk  "  kj- 


=  0 


uv  yv  uv  w  y\ 

ipc  uj  ♦  ixjuai^  ♦  uju,k  *  0 


with  the  boundary  conditions 


y.  o 

“j  ‘"J 

•»v  5- 

Uj^(Xk) 

u\  ® 

p 


0 

0 

0 


(34) 


(35) 


(36) 


Ultimately,  using  the  superscript  T  to  denote  the  dominant  terms  of  each  pertur¬ 
bation  component,  the  whole  oscillatory  motion,  distinguished  by  the  superscript 
*,  could  be  expressed  in  perturbation  series  such  as 


Uj  =  ^  (Uj  L  ♦  Uj  t  )(«) 

p*  =  L  (p^^E’-’  ♦  pv:'ir’-’-  )(c)v 


(37) 
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(3)  Fourier  Coefficient  Systems  (continued) 


where  y  =  1 , 2, 3 , . . . ,  cx>.  Here,  however,  probably  just  some  of  the  terms  for 
y  =  2,3,4  will  be  large  enough  to  be  essential  in  these  series.  When  the 
boundary  irregularities  include  more  Fourier  components,  the  resulting  motion 
is  substantially  more  intricate.  This  property,  rather  than  the  higher  per¬ 
turbation  components,  probably  accounts  for  much  of  the  complicated  appearance 
of  most  actual  transitions.  In  some  boundary  layer  developments,  though,  a  few 
higher  perturbation  components  may  be  significant.  Also,  such  components  may 
become  important  downstream  of  transition. 

(4)  Amplitude  Coefficient  Systems 

Although  many  rapid  variations  in  the  form  of  the  phase 
functions  already  have  been  separated  from  the  original  quantities,  other  rapid 
variations  in  the  form  of  special  growth  functions  later  will  be  extracted  from 
the  Fourier  coefficients  themselves.  For  this  purpose,  various  quantities  called 
the  amplitude  coefficients,  which  in  the  xj^  and  X2  directions  vary  as  slowly  as 
the  basic  flow  itself,  are  needed.  These  coefficients  now  are  defined  by  intro¬ 
ducing  their  governing  differential  systems,  eventually,  using  approximations 
analogous  to  the  conventional  boundary  layer  assumptions,  their  systems  will  be 
reduced  to  dimensionless  ordinary  differential  systems  with  the  dimensionless 
x^-coordinate  as  the  independent  variable.  These  approximate  systems  encompass 

the  well-known  Crr-Sommerfe Id  equation  and  can  be  solved  satisfactorily  by  a 
technique  that  would  be  suitable  for  accurately  integrating  that  equation. 

Thus,  the  initial  amplitude  coefficients,  denoted  by  the 
superscript  are  defined  as  the  solutions  of  the  homogeneously  linear  differ¬ 
ential  equations 


’jk  = 


K  V  y 

=  0  p  f 


(  .  ♦  .1.  :  ) 


jk  ~  °  jk  P  “jk  "  ■*  ’jk  'kj 


i*;.  =  0 

JJ 

H  X 


H  K 


ipC  Uj  iXji^A^  +  ^ 


and  the  non-trivial  boundary  conditions 


K  o 
u .  (x,  ) 
J  k 

H,  *. 

Uj(Xk) 


=  V  . 

J 

V 

=  ''j 


H.  ». 

P  (Xt.) 


=  q 


(38) 


(39) 
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Asoittude  Coefficient  Sveteas  (continued) 


where  the  parameter  c*^  is  a  real  constant  but  the  parameters  A,^  and  the  botindary 
values  w^,  are  complex  cono«:ants.  These  coefficients  Include  the  injec¬ 
tion  amplitude  coefficients,  for  which  A^  »  «  0  and  Wj  •  •*  0,  end  the 

fluctuation  amplitude  coefficients,  for  which  A^  =  0  and  vj  *  0.  In  the  former 
case  Vj  can  be  arbitrary,  but  in  the  latter  case  Wj  and  q^^  must  satisfy  Equa¬ 
tions  (38)  with  Uj  replaced  by  W°.  In  both  cases,  just  normalized  boundary 
values  with  an  order  of  magnitude  of  unity  ave  considered* 

Next,  the  resonance  amplitude  coefficients,  denoted  by  the 
superscript  X,  are  defined  as  the  solutions  of  the  homogeneously  linear  differ¬ 
ential  equations 


’jj 


«  0 


ipc'uj  ♦  iu;JkA^  +  Xjk,k  =  0 
and  the  trivial  boundary  conditions 


(40) 


Uj(x^)  =  0 

Uj(xj^)  =  0  (41) 

p^(x|^')  =  0 


v;here  the  {mrameter  c^  is  a  real  constant  but  the  parameters  A^  necessarily  are 
weak  aperiodic  complex  functions  of  x^  and  X2.  In  the  dimensionless  approximate 
system  deduced  later,  the  parameters  Include  just  the  local  Reynolds  number 
R  =  oA>'/u,  the  dimensionless  timewise  frequency  c^  =  c^A/r,  and  the  dimension¬ 
less  spacewise  frequencies  =  ^k^^*  where  the  reference  length  A  and  the  refer¬ 
ence  velocity  X  characterize  the  local  basic  flow  thickness  and  the  adjoining 

flow  velocity,  respectively.  Also,  for  given  values  of  R  and  c^,  the  dimension¬ 
less  approximate  system  has  non-trlv’nl  solutions,  called  the  proper  functions, 
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(4) 


A.'TipI itude  Coefficient  Systems  (continued) 


A 

if  and  only  if  the  parameters  Aj^  have  certain  singular  values,  called  the  proper 

values.  Consequently,  the  dimensionless  proper  values  depend  on  just  R  and  c^', 
and  the  diroensionRas  coefficients  depend  on  just  these  parameters  and  the 
dimensionless  x^-cPorJinate .  However,  due  to  the  variation  of  A  and  therefore 

R  and  c'  with  xj  and  X2,  both  the  dimensionless  and  dimensional  parameters,  as 

well  as  the  dimensionless  and  dimensional  coefficients,  are  weah  aperiodic  func¬ 
tions  of  and  X2.  The  p-iper  solutions,  distinguished  by  the  superscript  T, 

are  not  unique  but  instead  j.nge  over  a  sequence  of  discrete  solutions.  For 
convenience,  as  is  probably  true,  the  proper  values  of  different  solutions  are 
assumed  to  be  distinct  in  all  cases,  and  the  number  of  solutions  is  assumed  to 
be  infinite,  although  these  properties  neither  h,  ve  been  proven  nor  are  essen¬ 
tial.  Also,  the  solutions  are  regarded  as  ordered  so  tliat  the  absolute  proper 
va  lues 


1/2 


form  an  ascending  sequence,  represented  by  the  sequence  T  =  l,2,...,a>. 


Although  only  real  values  of  R  exist  in  the  physical  prob¬ 
lem  under  consideration,  certain  complex  values  of  R  appear  in  the  mathematical 
representation  of  the  partial  resonances.  In  particular,  the  points  in  the 

complex  R-plane  where  have  specified  real  or  nearly  real  values,  while 

c^/R  has  a  specified  real  value,  are  involved.  However,  merely  those  puints 
located  on  or  near  the  real  R-axis  are  important,  since  only  such  points  are 
encountered  in  the  significant  partial  resonances.  As  a  result,  usually  just 
a  single  proper  solution,  which  happens  to  be  the  same  as  the  one  considered 
in  ordinary  linear  stability  theory,  is  essential  in  the  analysis.  However, 
the  present  application  of  this  solution,  assumed  to  be  the  one  for  T  =  1, 
differs  greatly  from  its  utilization  in  that  theory. 

i'inally,  the  adjoint  amplitude  coefficients,  denoted  by 

X  X  A  X  X 

,  Cl.  and  s.,  are  needed.  These  coefficients  are  defined  in  the 
^jk  jk’  ^jk  ’  j’ 

transition  domain  D  enclosed  by  the  boundary  surface  D*  on  which  the  unit  out¬ 
ward  normal  vector  has  the  components  (k  =  1,2,3).  Besides  the  whole  tran¬ 
sition  region,  D  may  include  at  least  parts  of  the  adjacent  laminar  and  turbu¬ 
lent  regions.  The  go/erning  differential  sy  item  is  deduced  by  multiplying 

Equations  (40)  by  r\  and  Sj,  respectively,  integrating  the  sura 

of  the  resulting  scalars  over  D,  rearranging  terms  using  integrations  by  parts, 
and  imposing  conditions  satisfying  Equations  (40)  and  (41).  This  process 
yields  the  -calar  identity 
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(continued) 


f  {5jk‘<>’Jk  *  “J*?  •  '’j“k’  *  ■''jk^tjk  *  ‘“J*k  ■  “J,k' 

♦  C}k  t“jk  -  O'^k  •  "^‘jk  *  •‘‘♦jk  *  ‘kj’]  ♦  '^*11 

X  XX  XX  X  1 

♦  •jClpc  «J  ♦  ♦  “jk.k*;  <“*■> 


*  4  Hk'^Jk  ■  «Jk’  *  ♦Jk  C^ijk  ^  -^^‘jk  ’  “‘‘jk  *  Ckj>] 

♦  ><c5k  ♦  -  •}>>  -  P^Jj 

♦  uj  [Ipc^}  -  (?}k  ♦  ?i[j>«6  -  ‘TlikAi  ♦  Tljk.kl}  <>(»,) 

♦  -  u^j|j)n|jd«(Xg}  (42) 

where  d(x^)  end  d«(x^)  denote  voluaie  and  area  differentials,  respectively 

(o  ■  1,2,3^«  To  satisfy  Equations  (40),  the  left  aeaber  and  therefore  the 
right  sMo^er  of  this  relation  oust  vanish.  In  the  right  aember,  this  require* 

ment  Is  laet  If  the  coefficients  of  cpj^,  p^,  and  Uj  vanish  In  D  and 

the  coefficients  of  n^^  vanish  on  D*.  Thus,  Equations  (40)  and  (41)  together 
are  satisfied  by  ioposlng  the  homogeneously  linear  differential  equations 


5jk  ■  PCjk 

♦Ijk  ■  *'  ‘jk  *  P'fjk  *  ^kj* 
^Jk  ■  ■♦*J*k  ■*  ‘j.k 

cjj  -  0 

and  the  trivial  boumiaxy  conditions 


•j<*k> 

r^ix^) 


'Jk.k 
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(A)  Amplitude  Coefficient  Systeas  (continued) 


The  parameters  here  are  the  same  as  those  in  Equations  (40).  Also,  for  given 
values  of  R  and  ^  ,  the  dimensionless  approximate  system  has  non-trivial  solu- 
tions,  again  called  proper  functions,  if  and  only  if  the  parameters  Aj^  equal  the 

proper  values  of  the  corresponding  system  for  Equations  (40)  and  (41).  As  a 
result,  both  the  dimensionless  and  the  dimensional  quantities  are  i^ak  aperiodic 
functions  of  and  X2.  Moreover,  the  proper  solutions,  again  distinguished  by 
the  superscript  T,  range  over  a  sequei  e  of  discrete  solutions,  again  represented 
by  the  sequence  T  =  l,2,...,aE.  Howev  ,  whereas  the  proper  values  are  identical, 
the  resonance  and  adjoint  amplitude  coefficients  themselves  are  different.  (Their 
differential  systems,  unlike  the  more  familiar  systems  of  the  prevailing  litera¬ 
ture,  are  not  self-adjoint.) 

An  important  property  here  is  the  fact  that,  in  the  transi¬ 
tion  domain,  each  adjoint  solution  is  orthogonal  to  all  resonance  solutions  except 
the  one  with  the  same  proper  values.  In  particular,  substitution  of  a  resonance 
solution  for  T  =  Tj  and  an  adjoint  solution  for  T  =  T2  in  Equation  (42)  yields 

the  identity 


^1^2^  ''-^1 


•T 


2. 


(45) 


I'iT2 


where  tiie  inner  product  components  e^  are  defined  by 


^T2  Ji  '-Ti  \T2 

^Sj  "jk  •  ^j  jk  ^  d(x„)  =  e 


T1T2 

k 


(46) 


•Ti  \T2  T^T2 

Consequently,  if  Aj^  y  ,  ej^  vanish  --  meaning  that  the  two  solutions  are 

>^1  \T2  TjT2 

orthogonal  --  whereas,  if  do  not  all  vanish.  For  convenience, 

the  resonance  and  adjoint  solutions,  which  each  contain  an  arbitrary  factor  owing 
to  the  homogeneity  of  their  differential  systems,  are  regarded  as  normalized 
simultaneously.  Specifically,  the  two  arbitrary/  factors  for  each  value  of  T 
are  assumed  to  be  chosen  so  that 


e^e^  =  1 
k  K 


(47) 


T 

where  the  bilinear  norm  component's  ate  defined  by 


XT  )T  aT  XT 


Jp  "jk  ■  ""j  =  ^k 


(48) 


"with  Re(ej^)  >  0  when  the  mean  flow  is  in  the  positive  x j^-direction]  and  so  that 


=  1 


(49) 
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(4)  Aaplttude  Coefficient  Svteas  (continued) 


where  the  trilineer  none 


ie  deflneo  by 


XT  XT  XT  T 

?jk“k  ^  •  8 


Ae  one  reeult,  e|[ 


^1^2 


^1^2  T1T2 

®k  ®k 


will  eetiefy  the  equetione 


*  1 

(Ti  - 

T2> 

»  0 

(Tj  ¥ 

T2) 

called  the  biorthonomallty  telations. 


(50) 


(51) 


(E)  Growth  Functlone 

Having  established  the  necessary  foundation,  some  important  prop¬ 
erties  of  transition,  expressed  by  various  growth  functions,  now  can  be  deduced. 
These  growth  functions  include  the  amplitude  and  phase  variations  caused  by  the 
partial  resonances  of  the  driven  with  the  driving  Fourier  components.  Unlike 
the  amplitude  coefficients,  they  may  vary  rapidly  with  and  X2  over  some  parts 

of  the  wall  but,  for  the  particular  boundary  values  under  ccnsideratlon,  will  be 
almost  Independent  of  X3.  The  analysis  now  involves  the  expansion  of  each  Four¬ 
ier  component  as  a  sum  of  products  of  the  growth  functions  and  the  amplitude 
coefficients,  which  Include  the  rapid  variations  with  X3.  In  this  respect,  the 
technique  amounts  to  an  extension  of  the  method  of  separation  of  variables, 
which  often  Is  used  for  linear  partial  differential  equations  in  certain  situa¬ 
tions.  Like  the  perturbation  componenta,  the  growth  functions  are  obtained 
recursively,  starting  with  initial  growth  functions  ascertained  from  the  bound¬ 
ary  Irregularities  themselves.  The  higher  growth  functions  are  established 
recognizing  a  requirement  tliat  all  amplitude  coefficients  must  be  regular  In 
the  complex  R-plane,  at  least  on  and  near  the  real  R-axls.  This  requirement 
leads  to  growths  with  x^  and  X2  that  cart  be  much  faster  and  larger  than  the 
amplifications  predicted  by  ordinary  linear  stability  theory,  which  overlooks 
such  a  requirement  and  therefore  undoubtedly  is  incorrect  for  infinitesimal  as 
tMll  as  finite  oscillations.  Like  the  driving  Fourier  components,  though, 
relatively  few  of  the  growth  functions  will  le  important  enough  to  require  con¬ 
sideration.  Insofar  as  has  been  observed,  superposition  of  the  terms  with  the 
dominant  gro«#th  functions  should  yield  motions  which  at  least  closely  '-esemble 
actual  transition  motions. 

The  ilnitial  growth  functions  are  determined  from  the  differences 
between  the  boundary  values  of  the  Fourier  coefficients  of  the  first  perturba¬ 
tion  component  and  the  boundary  values  of  the  Initial  amplitude  coefficients. 
Thus,  in  the  Injection  flow,  the  boundary  values  of  both  sets  of  coefficients 
are  constants,  yielding  an  Injection  growth  function 
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(E)  Growth  Functions  (continued) 


G*"  =  1  (52) 

I  %#hlch  Is  constant  throughout  Che  transition  region.  For  this  case,  the  paraine* 

«  ters  of  Equations  (38)  have  the  values  (k  *  1,2)  and  *  0. 

However,  in  the  fluctuation  flow,  the  boundary  values  of  the  Fourier  coefficients, 
being  weak  functions  of  the  coordinates,  deviate  slowly  from  those  of  the  ampli* 
tude  coefficients,  which  are  constants.  This  difference  leads  to  a  fluctuation 
growth  function 

G^'-'  =  exp  (b^“x.^)  (53) 

in  which  the  fluctuation  growth  factors  bj^^  (k  =  1,2,3)  are  small  negative  real 

constants  or  ^ero  throughout  thf.  transition  region.  In  this  case,  if  the  mean 
flow  is  in  the  x.pdirection,  the  parameters  of  Equations  (38)  must  have  the 

values  A^*^  =  a["  -  ib[  ,  =  a^",  A^”  =  0,  and  c*^^  =  c^*^.  Furthermore,  their 

values  also  must  satisfy  the  dcterminantal  equation 


y'- 


io(  ‘'bA, 


c  H.: 


Hi 

c  )  =  0 


(54) 


deduced  by  substituting  adjoining  flow  quantities  into  Equations  (22).  Using 
the  initial  growth  functions,  ail  Fourier  coefficients  of  the  first  perturba* 
tion  component  can  be  expressed  by  products  such  as 


ulQ  =  uipcHa 

J  J 

plo  ^ 

for  the  injection  flow  and 


(55) 


(56) 


for  the  fluctuation  flow.  Substitution  of  such  products  into  Equations  (22)  and 
(23)  or  (24)  yields  Equations  (38)  and  (39). 


All  higher  growth  functions,  for  both  the  mean  and  the  oscillation 
Fourier  coefficients,  are  determined  recursively  from  lower  growth  functions 
using  essentially  one  general  procedure.  Several  aspects  of  this  procedure  now 
are  demonstrated  on  the  oscillation  Fourier  coefficients  of  the  second  perturba* 
tion  component,  which  are  particularly  important  in  transition.  First,  sub¬ 
stituting  Equations  (55)  and  (56)  into  Equations  (29)  or  (34),  the  oscillation 
driving  coefficients  are  expressed  as 


-26- 


(E)  Gr  vth  Function!  (continued) 


fn  . 

In  terms  of  the  driving  esgilltude  coefficients 


and  the  driving  growth  function 


(57) 


(58) 


G®®  -  (59) 

Second,  to  adequately  meet  various  requirements,  the  driven  Fourier  coefficients 
ard  expanded  In  series  such  as 


uj>  -  uf G«®  ♦  I  h^u}V 
4  2:  h^p^V 


(60) 


Here,  the  driven  amplitude  coefficients  u®®  and  p®®  may  vary  with  and  X2  only 

slowly  like  the  other  amplitude  coefficients,  the  resonance  coefficients  h^  are 

T 

constants,  and  the  resonance  growth  functions  H  may  vary  rapidly  with  x^  and 

X2«  Third,  substituting  such  series  Into  Equations  (35)  and  (36)  and  recalling 
XT  XT 

that  Uj  and  p  are  defined  by  Equations  (40)  and  (41),  the  following  relations 
are  obtained: 


-t  ■  “f  “S  - 


rOfB 

jh 


-  iu®0a®®  -  G®®  -  u®0G^ 

-  Z  h'^u^^  ♦  i(a®6  -  Aj^^)H^] 

■  0 

m  0 

(tpc®®uf  .  l.®ga®®  .  .^^,)G®®  .  u5fG®g 
■-I  ♦  i(a®®  - 
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(61) 


(Ei  Growth  Functions  (continued) 


and 


u^=(x?)  =  0 
J  ^ 

u®^(x^)  =  0  (62) 

p‘^^(xj^)  =  0 

Here,  =  a^®  ♦  a,^®  and  c®'®  =  c^®  In  accordance  with  Equations  (27>,  whereas 
k  k  k 

are  the  proper  values  of  Equations  (40)  and  (41)  for  c'^  =  c*®.  Also,  for 
the  particular  Fourier  coefficients  under  consideration, 


(63) 


where  b^®  =  b|^®,  so  that  the  left  members  of  the  second  and  fifth  equatior  i  vary 
with  X|^  and  X2  about  as  slowly  as  G^®.  Fourth,  recognizing  that  the  right  mem¬ 
bers  of  these  equations  also  must  vary  with  Xj^  and  X2  about  like  G^®,  the 
conditions 


A^^)H^  = 
k 


= 

k 


are  imposed,  whereupon  Equations  (61)  reduce  to 


(64) 


.  u“9uf  -  =  f“9 

jk  j  k  j  k  jk 

ij/“®  -  iu‘?®A®®  -  u®®.  =  I  h^u^^e^ 
^■>k  j  k  ^-k  \  k 


j.k 


j  k 


i.Q'®  =  0 


’jj 

.  0-3  op  .  ap.oi:  .  op  .  T  \T  T 

ipc  u^  ^^jk\  ^'jk,k  “  ^  '^jk^k 


(65) 


where  A^^*^  =  a^®  -  ih^^.  Fifth,  to  achieve  another  simplification,  the  driven 
amplitude  coefficients  themselves  are  expanded  in  series  such  as 


-28- 


(E)  Growth  Functions  (continued) 


Ofp  ^  ^  T  XT 

Uj*"  *  £  g  Uj 


^  8  P 


(66) 


T 

where  the  driven  coefficients  g  are  slowly  varying  functions  of  x  and  X2  (or 
are  constants^).  Sixth,  substituting  such  series  into  Equations  (o5)  and  (62), 
neglecting  the  derivatives  of  g^  (if  any),  multiplying  the  resulting  differentia 
equations  by  the  adjoint  amplitude  coefficients,  integrating  the  sum  of  the  re¬ 
sulting  scalars  over  the  transition  domain,  and  applying  Equations  (42)  through 
(51)  as  necessary,  the  following  expression  for  g^  is  derived: 


f g XT^ap 

^  jk^jk 


)  d(x^)  -  h^ 
m 


(67) 


Here,  as  already  indicated.  A?®  along  with  c^^®  are  constants  determined  by  the 

ftC 

XT 

boundary  irregularities  alc.ie,  whereas  vary  with  R  which  in  turn  varies  with 

Xj  and  X2.  In  particular,  for  each  value  of  T,  A^^  can  equal  A^^  at  some  point 

in  the  complex  R-plane,  causing  a  pole  in  g^  unless  the  right  member  of  Equation 
(67)  vanishes  at  that  point.  Indeed,  for  the  smaller  values  of  T  and  various 

typical  values  of  A^^  and  c®^,  the  pole  could  occur  on  or  near  the  real  R-axis, 

strongly  contradicting  the  stipulation  that  g^  is  slowly  varying.  Therefore,  as 
the  seventh  step,  to  avoid  the  pole,  the  condition 


is  Imposed  at  the  complex  value  of  R  where  =  A^^  (when  c^  =  c^'').  Otherwise 
T 

the  value  of  g  is  not  considered  furtner,  since  it  generally  should  be  small 

enough  to  be  neglected.  Indeed,  just  the  value  of  h  for  T  =  1  probably  will 
suffice.  Applying  Equations  (49),  (50),  and  (58),  the  resonance  coefficient 
in  the  present  case  may  be  expressed  as  the  ratio 


j  ^jk'^k 


hp_XT  Ma\j,  . 

'^j  ^jk'*k 


XT  XT  XT 
j  ^jk'^k 


(69) 


*At  present,  due  to  a  lack  of  an  appropriate  expansion  theorem  for  the  proper 
functions,  the  possibility  of  these  coefficients  being  constants  is  uncertain. 
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(E)  Growth  Functions  (continued) 


which  probably  will  have  an  order  of  r.agnitude  of  unity  at  the  lower  values  of  T, 
Hence,  the  driven  Fourier  coefficients,  expressed  in  full  by  Equations  (60), 
probably  will  vary  nostly  like  the  single-terrr  approxinations 


Uj^  -  h'^UjV 

'  jy  ^  .  T  -.T  T 

p  ^  h  p  i. 


where  T  =  1  and  h^  ~  0(1). 


(7C) 


In  contrast  to  their  inherently  tedious  derivation,  the  resonance 
growth  functions  display  some  important  properties  of  transition  in  a 
simple  way.  ror  the  case  just  considered,  integrating  Equations  (64),  these 
functions  have  the  general  forms 


T  -  T 


T*  _ 


kX  * 


)G  ''(x,")dx*^  K^(Xj^)l 


where  the  resonance  kernel  is  defined  as 


(71) 


f  '•X 

K  (X|^)  =  exp  i| 

'  0 

T  T 

and  the  integration  constants  J,  ore  assigned  so  that  H  is  bounded  upstream 

K 

from  the  transition  region.  Presently,  to  describe  the  principal  properties  of 
these  functions,  the  variation  of  with  Xj^  along  the  line  X2  =  ■  0, 

with  ♦■he  mean  flow  in  the  positive  xpdirection,  is  considered.  For  convenience, 
the  point  x^  =  0  is  located  somewhere  in  the  transition  region,  with  the  inte¬ 
gration  progressing  from  the  laminar  region  at  xj  -  -w  to  the  turbulent  region 
at  Xj  -  +00,  To  facilitate  the  integration,  deformations  of  the  contour  in  the 
complex  Xj^-plane  and  therefore  in  the  complex  R-plane  are  allowed.  Under  such 
conditions.  Equations  (71)  and  (72)  reduce  to 


^k  - 


(72) 


H^(xj)  *  e^ 


f'X 


^K^(xj)G^"'''(xpdx^  Lk^(xj) 


and 


K  (Xj)  =  exp  ^i,  a^  -  (xj)'  dx^  ^ 

o 


(73) 


(74) 
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IE)  Growth  Functlont  (continued) 


while  the  driving  growth  function  becones 


*  exp 


(75) 


Here,  and  are  real  constants  determined  by 

xt 

whereas  is  a  complex  function  of  R  and  thereby 


the  boundary  irregularities, 
is  a  slowly  varying  complex 


function  of  Xj^.  Hence,  depending  on  the  integration  contour,  usually  is  an 
oscillating  function  of  R  and  thereby  X|.  As  is  ordinarily  true,  b^^  is  assumed 

to  be  very  small,  allowing  to  remain  near  unity  throughout  the  transition 
region.  Also,  to  concentrate  on  the  most  important  situation.  Just  the  value 
XT 

of  A|  for  T  ■  1  is  considered  further.  Besides  other  distinctions,  this  value 

often  can  equal  a^'  on  or  near  the  real  R-axis  and  therefore  on  or  near  the  real 
x^-axis,  usually  at  two  different  points  corre8,>onding  to  the  two  branches  of 

T 

the  neutral  curve  of  ordinary  linear  stability  theory.  Because  K  usually  is 
oscillatory,  the  first  main  contribution  to  the  integral  in  Equation  (73) 

occurs  in  the  vicinity  of  the  first  saddle  point  of  K*,  to  be  called  the  reso¬ 
nance  point,  which  is  the  first  point  in  the  coisplex  R-plane  or  the  corresponding 

point  in  the  complex  x^-plane  where  Ap  »  a^^.  Clone  to  this  point,  remains 

T 

almost  constant,  while  the  integral  and  therefore  H'  often  grows  about  as  fast 
as  x^  varies,  causing  a  correspondingly  fast  growth  of  the  driven  Fourier  compo¬ 
nent.  In  comparison,  ordinary  linear  stability  theory  would  predict  a  variation 

somewhat  like  [K  (x^)]  and  therefore  almost  no  growth  in  this  region.  Further- 
XT 

more,  because  A  varies  only  slowly  with  x^  and  the  resonance  point  often  is 
located  on  or  near  the  real  x^-axis,  the  fast  growth  often  persists  over  a  long 
interval  of  the  real  xpaxis,  yielding  a  much  larger  total  growth  in  that  region 
than  %fOuld  be  indicated  by  ordinary  linear  stability  theory.  For  exampl*',  the 
driven  Fourier  conqponent  sometimes  can  grow  by  a  ratio  of  the  order  of  1009  noar 
the  resonance  point  alone,  such  gro%rths  evidently  being  the  principal  way  that 
"disturbances"  are  "introduced"  into  the  boundary  layer.  Immediately  downstrevs 
of  the  resonance  point,  the  integral  remains  relatively  constant,  allowing  to 

T  “1 

vary  about  like  [K  (x^)]  and  therefore  somewhat  like  the  variation  considered 

in  ordinary  linear  stability  theory.  However,  even  this  resemblance  to  the 
latter  theory  usually  will  be  obscure,  since  various  other  growth  functions  then 
will  tend  to  dominate  the  motion.  Further  do%mstream,  a  second  saddle  point  of 

%diere  A^  ■  a^  for  a  second  time,  may  be  encountered.  In  this  region,  the 


integral  in  Equation  (73)  will  begin  to  grow  substantially  again,  while  the  fac- 

tor  [K*(xj)l  will  begin  to  decay.  Thereafter,  as  the  net  result,  will  steadily 

decay  and  ultimately  vanish,  but  at  a  slower  r\te  than  predicted  by  ordinary 
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(ii)  Growth  Functions  (continued) 


iin8r;r  stability  theory.  Along  %d.th  all  growths  and  decays,  some  phase  varia¬ 
tions  and  therefore  frequency  modifications  also  occur,  affecting  the  Fourier 
synthesis  of  the  vmole  motion  and  perhaps  product. iig  sobm  appreciable  phenomena 
of  a  subharmonic  and/or  superharmonic  nature  (in  addition  to  the  harmonic  motions 
from  other  Fourier  components).  Ordinarily,  the  resonance  growth  functions  of 
both  two-dimenF''onal  and  three-dimensional  partial  resominces,  wherein 

st^  *  0  and  f  0»  respectively,  are  Ir^ortant.  The  former  resonances  tend 

to  manifest  first,  since  the  two-dimensional  neutral  curve  occurs  first,  whereas 
the  latter  resonances  tend  to  amplify  most,  since  the  three-dimensional  proper 
values  vary  most  slowly  with  downstream  distance. 

Proceeding  in  the  same  way,  the  mean  Fourier  coefficients  of  the 
second  perturbation  ccn^onent  also  can  be  estimated.  However,  these  coefficients 
probably  will  be  negligible  in  most  boundary  layers  of  Interest.  For  example, 
substituting  Equations  (56)  into  Equation  (30),  the  mean  driving  coefficients 
for  6  «  IB  are 


where 


Also, 


expanding 


U 


y 


j 

pv 


(76) 

ufaf 

(77) 

qhB^B 

(78) 

the  driven  Fourier  coefficients  in  series  such  as 


UjG  +  h  Uj  H 


(79) 


and  substituting  these  series  into  Equations  (31)  and  (32),  the  resonance 
coefficients 


(80) 


eventually  are  Deduced,  which  roust  be  evaluated  at  the  complex  values  of  R  where 

^  X  1  ^  X 

=  -i2b^  (with  c  =0).  Moreover,  the  resonance  growth  functions  become 


where 

k'^(xi^)  «  exp  [-ij*'^  Ai^'^(xJ)dxjJl 
o 


(81) 


(82) 
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(I)  Growth  Function*  (contlnutd) 


and  ara  conatanta  choaan  to  kaap  bounded  upatraan*  Again,  alnca  ratnaina 

T  T  ” 

naar  unity,  tha  aain  porta  of  H  ora  ocqulrod  naor  tha  aoddla  pointa  of  K', 

which  oro  ot  tha  eooplox  voluoa  of  ft  whara  ■  0  (with  ■  0).  But  now  tha 

aoddla  pctata  probobly  ora  for  inm  tha  opplicobla  aagoant  of  tha  roal  R*oxia 

or  parhapa  do  not  axiat,  landing  to  only  anall  variationa  of  acroaa  tha  tran- 
altlon  rogion*  Storting  fron  Bquationa  (55),  for  A  ■  lor,  tinilar  ralatlona  ara 
daducad,  axcapt  that  tha  raaonanca  coafficianta  than  nuat  ba  avaluatad  whara 

A^^  ■  0  rothrr  than  whara  A^^  ■  -I2b|^^»  (To  fully  clarify  auch  datalla,  actual 

calculotioaa  ora  daalrabla*) 

In  controat,  tha  naan  Fouriar  coafficianta  of  tha  fourth  parcur- 
batior.  co^Kmant  apparantly  con  ba  aignif leant  in  :nany  aituationa.  In  thia  caaa, 
conaldarlng  Juat  ona  donlnant  tarn  of  tha  aaco^d  parturbation  conponant,  dia- 
tinguiahad  by  tha  auparacrlpt  T^,  tha  naan  driving  coafficianta  ara 

Pju  -  (83) 

whara 

-  hWouJ^oG'j^^o  (84) 

(85) 

while  tha  driven  Fouriar  coafficianta  hava  aarlaa  auch  aa 


Uj  »  +  r  h^u^^H*^ 

pv  »  pdgd  ^  t 


(86) 


Howevar,  in  placa  of  Equation  (63),  tha  driving  growth  function  now  haa  tha 
gradiant  ronponanta 


,K  ,K 

l(Aj^  ®  -  A,^  ®)h'®h‘®  +  ajj  C  H 


•nJo— Of^  X 

♦•k«  » 


o 


which  can  ba  approxlauitad  aa 


C^k  - 


(87) 
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(B)  Groirth  Functl-wu  (ccntlnut<r) 


since  will  be  much  smaller  r.han  H^o  in  tbs  important  raglona*  Conaa^antlyi 
the  resonance  gro%rth  functions  are  required  to  satisfy 


(68) 


and  the  resonance  coefflclenti  becoras 


(89) 


XT  ro?|.T 

which  are  evaluated  at  the  conplex  values  of  R  where  \  ^  ^  ^  (with 

c^  «  0).  Finally I  Integrating  Equation  (88);  the  resonance  growth  functions 
have  the  general  forms 

H^(x^)  «  ej  [jJ  +  K^(x*)G^<xJ)dxJ]  [k'^(x^)]*^  (90) 

*  o 

where 

K^(x^)  .  exp  C-l^  Ajj’^CxJjdx*:!  (91) 

*^0 

and  are  constants  chosen  to  keep  bounded  upstream*  Here  again,  the 

saddle  points  of  K^,  located  at  ■  0  (with  «  0),  probably  are  too  far  from 

the  applicable  segment  of  the  real  R-axls  to  be  Influential*  However,  unlike 

In  the  preceding  case,  may  Increase  rapidly  and  greatly  along 

that  segment,  apparently  causing  significant  variations  In  and  therefore  in 
the  driven  Fourier  coefficients*  (Again,  for  clarification,  actual  calculations 
are  desirable*) 


Similarly,  the  oscillation  Fourier  coefficients  of  the  third, 
fourth,  and  perhaps  higher  perturbation  components  may  be  Important.  For 
example,  considering  the  fourth  perturbation  quantities  from  two  dominant  terms 
of  the  second  perturbation  component  with  the  Indices  1  and  2,  the  oscillation 
driving  coefficients  are 


fUY  =  fd  Qd 
jk  "jk^' 


(92) 
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(E)  Srowth  Fvnctlont  (continutd) 


,d  ^T2  ^Ti, 

*jk  *  •>  <«j  “k  +  “i  “k  > 

•  h*1h*2 


Again,  tha  drivan  Fourlar  coafflcianta  hava  aariaa  aueh  aa 


+  E 

.  P<1g4  +  E 


whlla  tha  driving  groirth  function  haa  tha  gradient  consonant  a 


O^k  • 


%rhlch  can  ba  approxlamtad  aa 


®!k  ■ 


Thua,  avantuallyt^  tha  raaonanca  coafflcianta  arc  evaluated  aa 


•'*  *  L^jkfjk)^”®) 


at  the  conplex  value  of  R  where  A^^  •  A^^^  +  “  a^^®^  (with 

-  c®l®l  +  c®2B2),  and  the  reaonanca  growth  functlona  are  expreaaed  ai 


H^(Xk)  ■  eJJ  [jJ[  +  K^(xj^)G^(xJ)dxJl  [k^(X|^)1 


where 


K*(x^)  .  exp  {ll***  +  e"*®*  -  \^(x|;)l  dxj} 


(E)  Growth  Functions  (continued) 


and  are  chosen  to  keep  bounded  upstress.  Here,  as  in  the  crlgincl 

example,  the  aaddla  points  of  K^,  located  where  (with 

-  c®l^l  h  c®2B2) ,  can  occur  on  or  near  the  real  R*axis,  greatly  increasing 

the  growth  of  Also,  as  in  the  preceding  exaa^le,  itself  can  increase 
greatly  along  that  axis.  Hence,  these  tendencies  together  can  yield  an 

exceptionally  large  growth  of  and  therefore  of  the  driven  Fourier  coeffi¬ 
cients.  However,  the  actual  values  of  these  coefficients,  whfch  contain  the 

factor  (e)^  where  c  is  much  smaller  than  unity,  should  remain  within  the  same 
order  of  magnitude  as  the  dominant  lower  perturbation  quantities  (at  least  in 
the  transition  region  of  the  boundary  layers  of  practical  interest). 

In  general,  the  growth  functions  are  bounded  throughout  the  boundary 
layer.  In  fact,  as  easily  seen,  these  functions  can  grow  indefinitely  cnly  when 
some  proper  values  have  special  constant  values  for  unlimited  downstream  dis¬ 
tances,  which  can  happen  only  in  certain  truly  parallel  flows  of  unlimited  length 
(such  as  certain  Poiseuille  flows  and  asymptotic  suction  boundary  layers).  Con¬ 
sequently,  Fourier  components  with  amplitudes  increasing  indafinitely  with  down¬ 
stream  distance,  called  secular  terms,  ordinarily  are  net  encountered.*  As  a 
result,  the  perturbation  series  use^  here  generally  shcu<d  converge  better  than 
analogous  series  would  in  the  smre  familiar  problems  of  the  classical  theory  of 
nonlinear  oscillations,  where  secular  terms  often  are  encountered  unless  some 
other  approximation  scheme  is  utilized  (which  may  entail  an  asymptotic  Mrles 
with  uncertain  convergence  properties).  Moreover,  the  per^rbatlon  series  should 
apply  particularly  well  to  the  initial  phase  of  transition,  %fhich  is  the  main 
objective  in  many  analyses  (especially  those  concerning  laminar  flow  control 
techniques).  For  example,  for  very  smell  boundary  irregularities.  Just  the  first 
two  perturbation  components  may  be  sufficient  to  describe  the  principal  distur¬ 
bance  motions  throughout  both  the  laminar  region  and  the  beginning  of  transition 
and  therefore  to  relatively  large  Reynolds  numbers.  (Such  motions,  though,  will 
differ  significantly  from  those  predicted  by  ordinary  linear  stability  theory.) 
Likewise,  for  somewhat  larger  boundary  irregularities  or  Reynolds  nui^rs,  Just 
a  few  more  perturbation  components  may  be  adequate.  Furthermore,  the  perturba¬ 
tion  ;«*ries  should  adapt  well  to  automatic  computation  on  an  electronic  computer, 
enabling  a  rather  large  number  of  perturbation  components  to  be  evaluated  i^en 
needed.  In  particular,  the  growth  functions,  which  are  the  principal  elements, 
can  be  obtained  recursively  by  rather  simple  numerical  integrations.  Thus,  for 
many  purposes,  the  perturbation  series  should  be  quite  satisfactory. 

However,  in  the  final  phase  of  transition  and  the  ensuing  turbulence, 
the  computations  become  more  complicated.  In  particular,  as  the  perturbation 
order  Increases,  the  normalized  growth  functions  increase  (retarding  the  con¬ 
vergence),  while  the  Reynolds  numbers  at  which  these  functions  appear  also 
inci'ease  (assisting  the  convergence).  Meanwhile,  through  a  rather  involved 


♦Specif Ically,  secular  terms  can  occur  only  when,  for  an  indefinite  downstream 
distance,  the  space  and  time  frequencies  of  one  or  more  driving  oscillations 
nearly  equal  those  of  one  or  more  points  on  the  neutral  curve  of  ordinary 
linear  stability  theory.  Hence,  such  terms  may  exist  only  If  the  Reynolds  num¬ 
ber  is  near  nr  .ibc.’e  the  stability  limit  of  that  theory. 
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(X)  growth  ftoctlom  Ceontlfw«d) 


Mqu«ac«  of  rtUtioathipt  d«p«iidiiis  on  tho  nctunl  bouitdnrjp  Irsogulnrltloit  a 
partial  ooimtaraotieR  ^  isytr  partarhatlon  coopeiianta  by  hlfhar  parturbatior. 
conpooanta  avantually  appaara  and  than  nay  pravail  (furtharing  tha  convargerxa 
but  hindariag  ita  avaluation)*  Navarthalaao,  additional  analyoaa  and  actual 
calculatl<Mia  tfaiuld  clarify  the  eanputattona  and  nay  auggaat  a  nora  convanlent 
aarlea  or  axptaaaion.  Aa  ona  a£aapla,  aona  InfonMtion  about  tha  convarganca, 
and  parbapa  aona  uaaful  approainatlona,  night  ba  daducad  by  conparing  tha  work 
aval  labia  fron  tha  firat  parturkation  eonponant  with  tha  anargy  indieatad  by 
tha  parturhation  aariaa*  (Parhapa*  by  thia  naana,  an  approxlnation  of  tha 
growth  of  turhulanee  anargy  with  downatraan  diatanea,  anabling  an  aatlnation  of 
tha  akin  friction,  could  ba  aatabliahad.)  Aa  aaothar  axanpla,  further  Inalght 
into  tha  eoovatganca,  and  into  aquilibratad  turbulanca  aa  wall,  night  ba  palnad 
by  extandlng  aa  alanantary  turbulmca  nodal  propoaad  by  Raats  (Rafaranca  1  )* 
ao  aa  to  include  ona  or  nora  deniaant  forcing  oaclllationa  fron  tha  firat  per¬ 
turbation  coaponant.  Otharwiaa,  an  aaynptotic  aariaa  analogoua  to  thoaa  utilised 
in  the  claaaical  theory  for  weakly  nonlinear  oaclllationa  night  be  obtainable  and 
in  aona  waya  uaaful.  However,  auch  a  aarlea,  beaidea  covering  the  pertinent 
boundary  irragulatltiaa,  should  apply  to  nodarataly  large  nonlinear  oscillations. 
Thi58,  at  tha  relevant  conditions,  it  nigte  diverge  or  at  least  converge  too  poorly 
to  be  deairable.  Conjointly,  it  should  ba  noted  that  any  deaand  for  an  aaynptotic 
aariaa  trill  be  less  conpelling  in  a  boundary  layer  of  linltad  length  than  in 
processes  of  unlinitad  duration  (which  are  tha  nain  subjects  of  the  classical 
theory  of  nonlinear  oscillations).  Convaraely,  depending  on  tha  unlfomity  of 
the  actual  boundary  irregularities,  a  reliable  aaynptotic  series  night  be  appro^ 
priata  for  a  truly  parallel  flow,  in  which  secular  terns  sonetines  can  occur. 
However,  a  aultable  susnMtion  of  the  perturbation  series  already  developed  then 
night  be  obtained  and  nanaged  nora  easily  than  an  aaynptotic  aeries  (especially 
since  the  claaaical  theory  has  not  yet  been  extended  to  three-dlnenaional  amtlons 
of  the  kind  concerned  here).  In  particular,  in  a  truly  parallel  flow  with 
periodic  boundary  irregularities,  tha  growth  functions  degenerate  to  quite 
sinple  expressions,  suggesting  that  an  approxinate  or  exact  suanation  of  all 
nonsecular  and  secular  terns  night  be  established  and  investigated  rather  easily 
(especially  with  the  aid  of  an  autonatic  conputer).  Further  e3q>l' ration  of  such 
aspects  of  the  theory  are  deferred  for  later  papers. 


(P)  Transition  Mechanism 


According  to  the  resonance  theory,  the  notion  comnonly  called 
transition  is  nerely  a  part  of  a  sequence  of  partial  resonances  beginning  in  the 
laminar  region  and  continuing  in  the  turbulent  region.  In  general,  this  sequence 
may  be  excited  by  any  of  a  large  variety  of  combinations  of  boundary  irregulari¬ 
ties  St  the  wall  surface  and  in  the  adjoining  flow,  and  it  altogether  may  con¬ 
tain  numerous  partial  resonances  of  several  different  kinds,  yielding  a  whole 
motion  which  is  indeed  diverse  and  complicated.  Nevertheless,  as  already  indi¬ 
cated,  the  individual  partial  resonances  are  quite  simple  and,  in  fact,  can  be 
analysed  snd  calculated  in  a  recursive  manner  by  available  techniques.  In  par¬ 
ticular,  the  dominant  motion  from  each  significant  partial  resonance  can  be 
represented  by  just  the  product  of  three  elementary  variations,  namely:  an 
oscillation  expressed  by  the  phase  function,  an  amplification  and  slight  oscil¬ 
lation  in  the  downstream  direction  expressed  by  the  resonance  growth  function. 


'^Thls  model  is  an  extension  of  instructive  finite-disturbance  models  Introduced 
by  Meksyn  and  Stuart  (Reference  43 i  and  Stuart  (Reference  31). 


(F)  TrOTP4U9n.  (eontimiad) 


«nd  a  distribution  across  the  boundary  layer  expressed  by  the  resonance  amplitude 
coefficients  Also,  the  overall  aagnltude  and  phase  of  this  motion  are  determined 
by  the  product  of  the  applicable  povrer  of  the  perturbation  parameter  and  the 
applicable  resonance  coefficients,  rurthermorey  typical  sequences  of  partial 
resonances,  which  might  be  adequate  for  analysing  and  predicting  transition 
In  an  approximate  way,  can  be  constructed  from  just  a  few  suitably  chosen  par¬ 
tial  resonances. 

When  the  boundary  Irregularities  have  wide  spectra  of  Fourier  com¬ 
ponents,  as  In  most  actual  boundary  layers,  the  partial  resonances  generating  the 
second  perturbation  motions  tend  to  become  noticeable  somewhere  near  the  critical 
Reynolds  number  of  ordinary  linear  stability  theory  and  thereafter  to  manifest 
more  frequently  and  strongly.  Initially,  the  dominant  driven  Fourier  components 
are  mainly  two-dimensional,  with  wave  fronts  about  normal  to  the  mean  flow  direc¬ 
tion;  but  eventually,  they  are  mostly  three -dlmens Ion al|  with  wave  fronts  In  all 
directions.  Somewhere  after  the  beginning  of  such  phenomena>  the  partial  reso¬ 
nances  yielding  the  third  and  fourth  perturbation  motions  tend  to  become  signifi¬ 
cant  and  thereafter  to  appear  more  frequently  and  strongly.  In  this  case,  the 
dominant  driven  Fouriet  components  are  mostly  three-dimensional,  and  they  also 
supplement  the  second  perturbation  motions,  substantially  Increasing  the  Intri¬ 
cacy  of  the  whole  motion.  Further  downstream,  the  partial  resonances  providing 
the  higher  perturbation  motions  may  become  Important  and  further  complicate  the 
whole  motion.  Thus,  In  general,  the  partial  resonances  tend  to  manifest  some¬ 
what  like  a  gradually  developing  avalanche.  Initially  generating  a  few  weak 
simple  motions  In  the  laixlnar  region  and  eventually  producing  numerous  strong 
complex  motions  In  the  turbulent  region.  0th  .-wise,  within  this  overall  trend, 
they  tend  to  appear  partially  randomly  owing  to  the  randomness  of  the  boundary 
Irregularities.  In  the  whole  process,  several  mean  Fourier  components  become 
significant,  causing  a  rather  gradual  distortion  of  the  mean  flew.  Also,  the 
oscillation  Fourier  components  often  vary  abruptly  as  a  result  of  the  rapid 
growths  near  the  resonance  points,  causing  burst-like  phenomena.  In  the  synthe¬ 
sis  of  the  component  motions,  various  other  phenomena  that  are  observed  In 
experiments  can  be  expected.  For  exatiq)le,  the  non-exponential  amplifications 
of  partial  oscillations  reported  by  Klebanoff  and  Tldstrom  (Reference  37)  seem 
to  be  L  ^presentable  by  merely  superpositions  of  growths  from  successive  pertur¬ 
bations.  Likewise,  considering  the  generality  of  the  present  theory,  any  special 
phenomena  that  are  proposed  and  verified  In  other  theories  on  Instability,  tran¬ 
sition,  and  turbulence  probably  can  be  found.  For  example.  Insofar  as  they 
actually  occur,  the  bent  vortices  suggested  by  Theodorsen  (Reference  34)  and 
the  streamwlse  vortices  hypothesized  by  Lin  and  3enney  (Reference  42)  probably 
ara  encompassed  by  the  present  theory.* 

Within  this  overall  concept,  ordinary  linear  stability  theory 
pertains  to  just  the  simplest  part  of  the  second  perturbation  motion.  In  par¬ 
ticular,  that  theory  not  only  Ignores  the  part  of  the  second  perturbation  motion 


*Notwlthstandlng  some  resemblance,  the  Lin  and  Benney  theory  differs  from  the 
resonance  theory  In  several  respects.  For  example,  the  fomer  theory  Involves 
fundamentally  different  perturbation  and  growth  schemes.  Also,  It  should  be 
noted,  some  experimental  observations  suggesting  streaawlse  vortices,  including 
cata  cited  by  Lin  and  Benney  In  support  of  their  theory,  may  be  attributable 
Instead  to  crossflow  vortices  caused  by  small  crosswise  pressure  gradients. 
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(F)  Trantltlon  MccbaniKi  (continued) 


repref«entlng  the  introducing  of  disturbances  into  the  boundary  layer  but  also 
aisrepresents  the  eventual  dlainution  of  that  motion  and  coeq>letely  neglects  ell 
other  perturbation  motioiis.  Also,  the  original  form  of  the  resonance  theory 
introduced  by  Raets  (Reference  1)  pertains  mostly  to  that  part  of  the  fourth 
perturbation  motion  which  is  generated  from  the  motions  of  the  linear  theory 
(by  total  rather  than  partial  resonances).  Moreover,  an  energy  exchange 
mechanism  claimed  by  Benney  and  Lin  (Reference  27)*  mainly  amounts  to  an 
eventual  counteraction  of  a  part  of  the  second  perturbation  aotion  by  a  part 
of  the  sixth  perturbation  motion. 

Conjointly,  an  implication  by  Benney  and  Niell  (Reference  28) 
that  such  an  energy  exchange  mechanint  generally  prevents  individual  partial 
resonances**  from  being  prcalnent  appears  to  be  inappropriate.  Their  analysis 
considers  an  eleisentary  simulant  differential  system  which,  due  basically  to 
irrelevant  boundary  conditions,  really  resembles  the  differential  system 
of  a  laadnar  boundary  layer  %dth  a  slight  irregularity  in  the  initial  velocity 
profile  but  no  irregularities  at  the  wall  surface  and  in  the  adjoining  flow. 

As  a  result,  the  analysis  involves  Just  an  autonomous  system  whereas,  to 
properly  typify  "he  pertinent  boundary  irregularities,  a  non* autonomous  system 
would  be  essential.  In  such  a  case,  as  kno%m  from  variouii  niuserlcal  Integra* 
tions  of  the  boundary  layer  equations,  the  distortion  tends  to  decay  quite 
rapidly  in  the  downstream  direction  **  there  being  no  noticeable  partial 
resonances.  In  fact,  this  tendency  has  been  utilized  for  calculating  stagna* 
tion  profiles  of  general  boundary  layers  (Reference  45).  Hence,  although 
their  analysis  does  Indicate  a  suppression  of  certain  partial  resonances  by  an 
energy  exchange  mechanism,  a  similar  suppression  does  not  necessarily  prevail 
at  transition.  Instead,  a  quite  different  and  usually  weaker  interaction,  mani* 
festing  sequentially  like  the  higher  perturbation  motions  and  depending  sensibly 
on  the  perturbation  parameter,  probably  appertains.  For  example,  an  individual 
Fourier  component  of  the  second  perturbation  motion  may  grow  considerably  before 
any  opposing  Fourier  component  of  a  higher  perturbation  motion  becomes  significant, 
and  the  suppression  then  will  depend  substantially  on  the  perturbation  parameter 
(and  various  other  quantities).  Indeed,  such  a  trend  seems  to  be  discernible  in 
the  streaawlse  growths  and  decays  of  partial  oscillations  measured  by  Klebanoff 
and  Tidstrom  (Reference  37).  Thus,  in  certain  circumstances,  individually  strong 
partial  resonances  ^parently  are  possible.  Moreover,  wherever  discrete  vortices 
are  formed,  such  resonances  evidently  are  important. 

Since  the  partial  resonances  tend  to  become  significant  in  a 
somewhat  gradual  manner,  transition  itself  cannot  be  defined  nor  be  located 
very  distinctly.  In  most  boundary  layers,  the  so-called  transition  is  merely 
a  partially  random  succession  of  partial  resonances  that  are  stronger  and  more 
frequent  than  in  the  laminar  flow  but  are  weaker  and  less  frequent  than  in  the 
turbulent  flow,  these  distinctions  being  quite  arbitrary.  Thus,  in  general, 
transition  as  commonly  recognized  does  not  involve  a  distinct  change  in  the 
fundamental  nature  of  the  motion.  However,  in  some  boundary  layers,  a  region 
where  some  higher  perturbation  component  first  becomes  significant  may  be  dis¬ 
cernible,  suggesting  a  distinct  change.  Otherwise,  where  a  practical  criterion 
is  needed,  transition  can  be  regarded  simply  as  the  onset  of  an  appreciable 
distortion  of  the  mean  flow.  This  criterion  indicates  the  beginning  of  an 
appreciable  increase  in  the  shearing  stress  on  the  wall  surface,  which  is  a 
main  consequence  of  the  departure  from  laminar  flow. 


*Thi8  claim  appears  to  have  been  based  on  a  doubtful  argument  published  later 
by  Benney  and  Niell,  which  is  discussed  in  the  next  paragraph. 

**called  apparent  resonances  in  References  27  &  28. 
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Trensltion  Mechanism  (continued) 

In  the  preceding  analysis,  for  slnpllclty,  the  boundary  Irregu¬ 
larities  were  assumed  to  include  just  a  simple  Injection  at  the  wall  surface  and 
a  simple  fluctuation  in  the  adjoining  flow.  These  Irregularities  introduced, 
respectively,  a  stationary  and  a  traveling  spectrum  of  Fourier  components  Into 
the  first  perturbation  component.  As  a  result,  the  frequencies  of  some  of  the 
driving  Fourier  components  formv^d  from  these  spectra  could  resemble  seme  of  the 
natural  frequencies  or  proper  values  of  the  driven  Fourier  components  and  thereby 
could  yield  some  significant  partial  resonances.  However,  similar  frequencies 
and  thereby  similar  resonances  also  can  result  from  any  of  a  large  variety  of 
other  combinations  of  boundary  irregularities.  For  exa]iq>le,  without  altering 
the  general  nature  of  the  whole  motion,  the  Injection  spectr\mi  can  be  replaced 
by  a  more  general  stationary  spectrum  representing  Injection  or  suction  through 
discrete  areas  or  slots  or  representing  wavlness  or  roughness  of  the  wall  sur¬ 
face.  In  this  case,  the  main  additional  problem  Is  the  estimation  of  that 
•pectrua,  which  requires  only  a  linear  auperpoaltlon  of  products  of  the  Initial 
amplitude  coefficients  and  the  phase  functions.  Similarly,  the  fluctuation  spec¬ 
trum  can  be  replaced  by  a  more  general  traveling  spectrum  representing  external 
turbulence  or  sound.  In  this  case,  also,  the  main  additional  problem  requires 
only  a  linear  superposition  of  basic  functions,  using  compressible  relations  for 
the  external  sound.*  In  fact,  the  Injection  and  fluctuation  spectra  together 
can  be  replaced  by  a  single  traveling  spectrum  with  certain  space  ar^d  time  fre¬ 
quencies.  Sometimes,  just  the  spectrum  from  a  vibrating  wall  surface  can 
produce  a  sequence  of  significant  partial  resonances.  Llke%d.se,  the  spectrum 
from  a  vibrating  ribbon  within  the  boundary  layer,  such  as  used  by  Schiibauer  and 
Skramstad  (Reference  48  )  may  yield  partial  resonances  like  those  at  transition. 
However,  by  Itself,  neither  a  stationary  spectrum  from  the  wall  surface  nor  a 
traveling  spectrum  from  the  adjoining  flow  can  produce  Important  partial  reso¬ 
nances  within  boundary  layers  like  that  considered  so  far,  due  to  the  restricted 
ranges  of  the  natural  frequencies  In  such  boundary  layers. 

Although  generated  In  a  similar  way,  the  various  dominant  motions 
from  a  particular  combination  of  boundary  Irregularities  usually  differ  In 
several  details.  As  one  example,  as  already  Indicated,  two-dimensional  motions 
tend  to  appear  first,  whereas  three-dimensional  motions  tend  to  grow  most.  As 
another  example,  the  lower  perturbation  motions  must  occur  first,  but  the  higher 
perturbation  motions  may  grow  faster  and  also  may  become  more  numerous  eventually. 
Along  with  such  tendencies,  the  three-dimensional  trends  of  the  lower  perturba¬ 
tion  motions  overlap  the  two-dimensional  trends  of  the  higher  perturbation  motions, 
diminishing  any  distinctness  in  the  transition  region.  As  a  further  example, 
special  motions  may  result  from  the  partial  resonances  In  the  more  general  bound¬ 
ary  layers,  such  as  Goertler  vortices  when  the  wall  surface  is  curved  and  cross- 
flow  vortices  when  the  adjoining  flow  is  curved.  (Unlike  most  motions,  these 
particular  vortices  can  be  excited  by  just  a  stationary  spectrum  of  boundary 
irregularities  at  the  wall  surface.)  Such  special  phenomena  supplement  the 
motions  considered  so  far,  and  they  may  or  may  not  be  the  more  Important,  depend¬ 
ing  on  their  Intensity.  Also,  as  an  interesting  but  unverified  possibility,  the 


*An^  wavln«iss  or  roughness  of  the  wall  surface  coopllcates  the  boundary  condi¬ 
tions  for  cech  perturbation.  However,  In  some  cases,  aa  an  approxlnation,  this 
cooq^lication  probably  can  be  neglected  in  the  second  and  higher  perturbations. 
In  other  cases,  a  wavinest  might  be  handled  conveniently  as  e  periodic  pertur¬ 
bation  of  the  metrical  coefficients  of  a  curvilinear  coordinate  system. 
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(F)  Transition  Mechanism  (continued) 

resonance  amplitude  coefficients  representing  the  distributions  across  the 
boundary  layer  perhaps  may  Include  abnormal  as  well  as  normal  proper  solutions 
(such  as  are  used  in  ordinary  linear  stability  theory).  The  abnormal  proper 
solutions  might  exist  for  certain  singular  proper  values  encountered  in  three- 
dimensional  motions,  and  they  might  account  for  some  observations  (see  Part  G-3), 

When  the  basic  flow  itself  is  altered,  several  important  changes 
can  occur  in  the  sequence  of  partial  resonances.  In  the  first  place,  the  overall 
development  of  this  sequence  depends  indirectly  on  the  neutral  curve  of  ordinary 
linear  stability  theory,  which  in  turn  depends  greatly  on  the  distribution  of 
the  basic  flow  velocity  across  the  boundary  layer.  More  specifically,  an  altera¬ 
tion  oz  this  distribution  modifies  the  relationship  of  the  proper  values  to  the 
local  Reynolds  number  and  the  timewise  frequency  —  thereby  affecting  the  loca¬ 
tions,  durations,  and  strengths  of  the  partial  resonances  and  also  the  space  and 
time  frequencies  of  the  dominant  oscillations.  In  the  second  place,  the  strengths 
of  the  partial  resonances  further  depend  on  the  rate  of  variation  of  the  local 
Reynolds  number  %^th  downstream  distance.  Thus,  as  the  local  Reynolds  number  and 
thereby  the  proper  values  vary  relatively  slowly  or  rapidly,  the  total  gt  ;  ths 
from  the  partial  resonances  become  relatively  large  or  small,  respectively, 
shifting  the  position  of  transition  accordingly.  Such  a  trend  apparently  has 
been  encountered  in  various  experiments  on  bodies  of  revolution.*  On  the  forward, 
central  and  rean.ard  parts  of  such  bodies,  transition  has  been  observed  at  respec¬ 
tively  lower,  similar,  and  higher  local  Reynolds  numbers  than  on  essentially  flat 
surfaces  tilth  locally  similar  basic  flows,  these  discrepancies  apparently  being 
due  in  part  to  the  differences  in  the  rate  of  variation  of  the  local  Reynolds 
number.**  When  transition  is  suppressed  by  suction  through  the  wall  surface, 
the  same  trend  may  dlmlni.<^h  the  effectiveness  of  the  suction,  insofar  as  the 
rate  of  variation  of  the  local  Reynolds  number  is  decreased.  However,  unless 
the  boundary  irregularities  including  the  suction  variations  are  too  large,  this 
adverse  trend  ordlnarly  can  be  overcome  merely  by  stronger  suction,  which  other¬ 
wise  tends  to  suppress  the  partial  resonances.  Furthermore,  as  already  indicated, 
a  concave  curvature  of  the  wall  surface  or  a  crosswise  curvature  of  the  adjoining 
flow  may  allow  an  additional  class  of  proper  solutions  and  thereby  an  additional 


*Also,  such  a  trend  evidently  can  aggravate  any  tendency  toward  transition 
near  the  leading  edge  of  a  swept  wing.  Specifically,  if  the  nose  radius  is 
large  enough  to  allow  a  sufficiently  thick  boundary  layer  in  that  region, 
the  total  growths  along  the  stagnation  line  in  the  spanwise  direction  appar¬ 
ently  can  become  excessive  as  a  result  of  the  slow  variation  of  local  Reynolds 
number  and  the  long  distance  in  that  direction  together  with  other  adverse 
factors  (such  as  a  relatively  small  minimum  Reynolds  number  on  the  applicable 
neutral  curve,  a  roughness  due  to  dust  and  insects,  and  usually  an  initial 
turbulence  from  a  fuselage  or  other  adjoining  surface).  Furthermore,  such 
a  trend  may  help  explain  an  unresolved  disc;.epancy  between  the  observed  and 
calculated  stability  limits  for  the  crossflow  vortices  on  a  rotating  disk. 

So  far,  the  observed  value  has  appeared  to  be  much  higher  than  the  calculated 
value,  perhaps  partly  because  the  Reynolds  number  varies  too  fast  to  allow 
detectable  partial  resonances  to  occur  near  the  actual  stability  limit. 

**This  trend  also  is  influenced  by  differences  in  the  neutral  curves  due  to 
the  differences  in  the  wall  curvature. 
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CF)  Transition  Mechanism  (continued) 

type  of  motion,  in  the  form  of  Goertler  or  crossflow  vortices,  to  exist.  According 
to  the  resonance  theory,  such  vortices  grow  downstream  in  a  different  way  than  in 
ordinary^  linear  stability  theory. 

*  Insofar  as  the  resonance  theory  is  valid,  the  main  techniques  for 

preventing  transition  are  quite  obvious.  In  the  first  place,  all  boundary  irregular- 
ities--including  the  wall  waviness  and  roughness,  the  external  turbulence  and  sound, 

^  any  irregularities  due  to  suction  through  discrete  i^pertures,  etc.*-should  be 

minimized.  Thereby,  all  perturbation  motions  will  have  miniouim  isagnitudes,  the 
higher  perturbation  motions  being  suppressed  the  most.  However,  among  the  Fourier 
“  components  of  the  boundary  irregularities.  Just  those  with  the  frequencies  allowing 

strong  partial  resonances  need  to  be  diminished  those  «rith  other  frequencies  being 
inconsequential.  In  the  second  place,  the  basic  flow  should  be  controlled  so  as 
Co  shift  the  local  neutral  curves  and  thereby  the  important  partial  resonances  to 
hs  the  highest  possible  local  Reynolds  numbers,  especially  in  those  xagions  where  tran¬ 

sition  otherwise  tends  Co  occur.  In  some  cases,  adequate  control  can  be  exercized 
d  merely  by  appropriately  choosing  the  wall  surface  contour  and  the  adjoining  flow 

distribution.  In  certain  cases,  such  control  might  be  attained  by  coating  the 
wall  with  a  properly  selected  and  sufficiently  uniform  viscoelastic  layer  so  as 
to  shift  the  strong  partial  resonances  to  higher  local  Reynolds  numbers.  In  many 
d,  cases,  the  best  control  is  achieved  by  applying  sufficiently  strong  and  tiniform 

c-  suction  through  the  wail  surface.  In  the  third  place,  as  necessary  and  possible, 

t  the  boundary  layer  thickness  should  be  reduced  so  as  to  complete  the  prevention 

of  strong  partial  resonances.  In  general,  this  reduction  can  be  attained  best  by 
sufficiently  strong  suction.  Such  aspects  of  the  theory,  particularly  the  question 
of  whether  laminar  flow  can  be  maintained  indefinitely  in  the  streamwise  direction, 
merit  much  further  analysis. 

(G  )  C;  Iculation  Techniques 

1,  To  apply  the  resonance  theory  of  transition,  mainly  the  basic 

;  flow  and  amplitude  coefficient  systems  must  be  solved,  the  remaining  calculations 

being  relatively  minor.  Since  each  of  these  systems  contains  several  simultaneous 
partial  differential  equations  with  three  independent  variables  and  also  entails 
either  an  elliptic  boundary  value  or  a  proper  value  problem^ exact  solutions  neither 
are  possible  nor  would  be  practical  by  available  techniques.  However,  the  whole 
analysts  purposely  has  been  developed  so  as  to  exclude  all  rapid  variations  in  the 
X]^  and  X2  directiens  from  these  systems.  Consequently,  merely  by  applying  approxima¬ 
tions  analogous  to  the  conventional  boundary  layer  assumptions,  each  system  can  be 
reduced  without  excessive  error  to  a  much  mtf  IT  system  that  can  be  solved  in  a 

practical  manner. 


(1)  Basic  Flow 

The  basic  flow  always  must  be  ascertained  fi^st,  since  its 
velocity  components  constitute  the  >miriable  coefficients  of  the  amplitude 
coefficient  systems.  Unlike  the  other  systems,  its  differential  system  (Equations 
(7)  and  (8))  is  nonlinear.  However,  upon  eliminating  fj^,  and  Equations 

(7)  reduce  to  the  steady  continuity  and  Navier-Stokes  equations 


■  0 


pUj,k«k 


♦  lA'^,kk 


(100) 
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(1)  Basic  Flow  (continued) 


which  can  be  approxiaated  satisfactorily  steady  laainar  boundary  layer  equa¬ 
tions*  Thus,  assigning  the  aagnltudes 


Xj  0(u“^) 

X3  ~0(1) 

,J  ~  0(n) 

(  ),3  ~0(1) 

~  0(1) 

1 

0 

P 

p  ^0(1) 

P®  --O(l) 

(101) 


where  J  ■  1,2  and  u  «  1,  and  retaining  just  the  doainant  terms.  Equations  (100) 
reduce  to 

"k.k  *  ® 


♦  >^.33 

P»3  .  0 


(102) 


where  j  ■  1,2  and  k  «  1,2,3.  When  the  pressure  does  not  wary  with  X|  and  X2  and 
the  mean  flow  is  in  the  xpdirection,  as  was  assumed  in  oaich  of  the  preceding 
analysis,  the  whole  approximate  system  is 


and 


U?.,  -  -  0 

o'"?.!"?  *  "!.3«3>  ■  ^^.33 

u?  -  u?  -  0 


(103) 


(Xi 


-  Wf  (X3 

where  is  a  given  positive  constant. 


0) 
«• ) 


(104) 


In  most  of  the  preceding  analysis,  merely  a  dimensionless 
similarity  solution  of  Equations  (103)  and  (104)  was  involved.  In  this  solu¬ 
tion,  if  the  boundary  layer  begins  at  x^  »  0,  the  reference  length  and  velocity  are 


A  ■  Xj/R 

T  ■  Wj 

where  the  local  Reynolds  mimber  is 

R  -  pAT/^i  -  (pxjWj/^)^^^ 

Also,  the  similarity  coordinate  z  is 

*  "  X3/A 

and  the  similarity  stream  function  X(z)  is  defined  by 


(105) 

(106) 

(107) 


-  (ATX)  3 

uS  -  -(Arx)^i 


(108) 
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(1)  Basic  Flow  (continued) 


Substituting  E^iuations  (lOB)  Into  Equations  ^103)  and  (104),  the  approxlnate 
systes  degenerates  to  the  ordinary  differential  systea 


and 


2X"’  +  XX”  -  0 

X(0)  -  X»  (0)  -  0 
X  '(oo)  ■  1 


(109) 


(110) 


whose  solution  Is  the  well*known  Blaslus  profile  (see,  for  example,  Schllchtlng, 
Reference  47).  In  the  resulting  boundary  layer,  as  evident  from  Equation  (106), 
1/2 

R  varies  like  '  ,  allowing  the  duration  of  the  partial  resonances  to  Increase 

as  Increases.  As  a  result,  the  partial  resonances  tend  to  persist  for  rela* 

tively  long  distances  In  the  transition  region  and  even  longer  distances  In  the 
turbulent  region,  causing  corresponding  large  amplifications. 


(2)  Initial  Amplitude  Coefficients 

Knowing  the  basic  flow,  the  Initial  amplitude  coefficients 
are  obtained  from  Equations  (38)  and  (39),  which  constitute  an  Inhomogeneous 

linear  differential  system  with  variable  coefficients.  EHtnlnating 

and  uJjij,  Equations  (38)  reduce  to 


‘Yj 


IPu“(a|^°  +  c”)  +  +  Ip^aJ  + 


(111) 


where  j,k  =  1,2,3.  These  equations  are  simplified  by  observing  Relations  (101) 
and  the  additional  magnitudes 


A^,c’'~0(l) 

u;;,p^~o(i) 


in  most  of  the  boundary  layer  while  also  necessarily  allowing  the  alternative 
magnitudes 


'‘j,3 

uH^3~0(1) 

H 

1 

~  0(u"'^) 

u’^  ~  0(u’^/2) 

j  ,33 

3,33 

(113) 
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in  thin  sublayers,  where  m  ■  1,2,3  and  J  *  1,2*  Thus,  retaining  Just  doninant 
tenos  and  some  synsnetrising  minor  terms,  the  exact  system  degenerates  to  the 
approximate  ordinary  system 


Substituting  these  quantities  and  omitting  the  overscript,  as  done  hereafter,  a 
dimensionless  system  Identical  to  Equations  (114)  and  (115)  is  obtained. 

For  many  purposes,  an  alternate  form  of  Equations  (114)  and 
(115)  is  preferable.  This  form  involves  the  parameters 
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(2)  Initial  /jBplltude  Coefficients  (continued) 


a  »  (A^A^  ♦  A^A^)^^^ 

P  *  (of^  Ipoc/li)^^^ 

(117) 

ac  -  aJw°  ♦  aJw®  ♦  c*' 

where  Re(a),  Re(0)  >  0  and  the  new  variables 

au  =  aJ(Wi  -  u°)  ♦  aJcw®  -  U®) 

qQ  »  aJIwJ  -  uj)  -  aJ(W2  -  U2) 

u;  =  IaJuJ  -  IaJuJ 

<P  •  “3 

p  =  p 

which  are  regarded  as  functions  of  just  the  coordinate 

z  =  X3  (119) 

since  Equations  (114)  lv;ve  only  x^-derlvatlves.  Thus,  an  elimination  of  Up 
u^,  and  yields  the  principal  equation 

(p  ♦  lAyffi  -  (or  ♦  0  +  oy  )q: 

-12v(a^  ♦  32  ^  2y2)yj'  ♦  ((^2  +  y2)^^2  ^  ^2)^  (120) 

*  -KpO/u)  ■^u[cp''  ♦  t2\(p'  -  (or^  ♦  \2)qj,]  -  u'''cpl 

with  the  conditions 


„(0)  =  v5  ^‘(0)  =  -lAjjvi; 

<121) 

f^(  m)  =  W^  fn'(no)  =  "iAHw^ 

where  m  =  1,2,3.  Likewise,  another  elimination  of  p*^  alone  supplies  the  supple¬ 
mental  equation 


uj"  +  i2Ya;'  -  (p2  +  y2)uj  +  l(po'/u)uui  »  ->  i(pfy/u)CV  (122) 

with  the  conditions 
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C2)  Initial  Arolltud^  Coefflclenta  (continued) 


f  iUO)  «  lAjef  -  lAjyJ 

«(•)  «  lAjirjf  -  lAjw} 

Also,  other  elinlnatlons  provide 

-  lA^(cp'  ♦  IvcP  - 

«  IaJc^'  ♦  Ivcp)  ♦ 

Finally,  the  last  members  of  Equations  (114)  and  (115)  are  expressible  as  the 
equation 

p'  ♦  iyp  ■  ii[(r" i2vQ)'  -  (0^  ♦  ♦  Ipouq)  (125) 

with  the  condition 

p(«)  *  q*^  (126) 

In  this  form,  «p  is  obtained  first.  Independently  of  all  other  unknowns,  after 
which  u)  and  p  and  Chen  and  are  evaluated  as  required.  For  some  applica¬ 
tions,  u^  (m  ■  1,2,3)  but  not  p*^  are  needed,  the  system  for  p  then  being 
omissible. 


(123) 


the  auxiliary  relations 


lA^tt) 


IaJu; 


(124) 


(3)  Resonance  Amplitude  Coefficients 

Applying  similar  simplifications,  the  resonance  amplitude 
coefficients  are  evaluated  from  Equations  (40)  and  (41),  which  constitute  a 
homogeneous  linear  differential  system  with  variable  coefficients.  In  fact, 
replacing  the  superscript  h  by  X  and  the  non-trlvial  boundary  values  by  zeros, 
all  relations  of  Part  (2)  above  also  can  and  therefore  will  be  uted  for  these 
coefficients.  However,  due  to  the  difference  In  boundary  values,  the  initial 
and  resonance  amplitude  coefficients  themselves  differ  In  a  fundamental  way. 

In  particular,  the  latter  can  be  non-trivlal  functions,  called  the  proper  func¬ 
tions,  only  when  their  p>arameters  have  singular  values,  called  the  proper  values. 
Furthermore,  because  the  boundary  values  in  the  adjoining  flow  now  vanish,  the 
alternate  F’stem  in  Part  (2)  now  can  be  simplified  further  merely  by  substituting 
the  new  variables 


■  <p  expdyz) 
=  0)  exp(ivz) 
p*  •  p  expdyz) 
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(3)  RgaonAnce  Aaolltude  Coefflclenf  (continued) 


The  recultif^  eystea  with  the  asterisks  oaitted  is  identical  to  Equations  (120) 
through  (126)  with  y  equal  to  zero.  Consequently,  can  have  any  real  value, 
leaving  at  aost  just  and  A^  with  true  proper  values,  which  depend  on  just  R 

and  c^.  In  fact,  if  the  basic  flow  is  in  the  x. 'direction,  a|  itself  can  have 

A.  ^  * 

any  real  value,  leaving  just  A£  with  a  true  proper  value,  which  in  general  aust 
be  coaplex.  In  that  case,  %rhen  Re(A^)  >  A^  0,  the  proper  values  and  functions 
represent  streaawise  vortices,  which  have  not  been  adequately  explored  as  yet.* 


Uhenv  iB  equated  to  zero,  or  when  a4  actually  is  zero  as 
in  much  of  the  preceding  analysis.  Equations  (120)  and  (121)  in  the  present 
case  degenerate  to 


-  (o^  ♦  p2)^p"  ♦ 

*  -i(po/ii)[u(cp"“  Qr^(p)  •  u**(p] 


(128) 


and 


tt(0)  ■  cp*(0)  *  0 
cn(  ®)  ■  cp*  ( *)  =  0 


(129) 


which  is  aerely  the  well-known  Orr-Soamerfeld  systea  in  a  convenient  fora.  This 
systea  has  been  studied  and  solved  extensively  in  ordinary  linear  stability 
theory,  wherein  cx  and  R  but  not  c  usually  are  regarded  as  real.  Various  results 
are  included  aaong  the  papers  listed  as  references.  When  a  and  R  are  the  given 
parameters,  the  proper  values  are  those  values  of  c,  denoted  as  c^,  for  which 
non-trivial  solutions  exist.  The  faailiar  neutral  curve  of  ordinary  linear  sta¬ 
bility  theory  is  merely  the  locus  of  a  versus  R  when  c*  as  well  as  a  and  R  are 
real.  In  boundary  layers  like  the  one  considered  in  most  of  the  preceding 
analysis,  the  inequality 


0  <  c*  <  u(0)  (130) 

exists  on  the  neutral  curve  (see,  for  example,  Schlichting,  Reference  47),  and 
a  corresponding  inequality  exists  elsewhere.  Tnis  property,  by  restricting  the 
ranges  of  the  natural  frequencies  of  the  driven  Fourier  components,  prevents  a 
large  cias  of  partial  resonances  from  becoming  significant. 


In  principle,  a  technique  that  is  suitable  for  accurately 
solving  the  Orr- Soane r£e Id  systea  also  is  adequate  for  solving  Equations  (120) 
through  (126)  for  both  non-trivial  and  trivial  boundary  values.  However,  the 
techniques  available  froa  ordinary  linear  stability  theory  neither  meet  this 
requirement  fully  nor  are  applicable  directly.  In  the  first  place,  the  well- 
kno«m  approximate  method  of  asymptotic  expansions  generally  neglects  all  but 
the  first  term  of  an  expansion  which  probably  diverges,  while  the  so-called 


*Apparently,  based  on  observations  by  Gregory  and  Walker  (Reference  33),  such 
vorticies  (as  included  in  the  resonance  theory)  constitute  the  primary  motions 
of  turbulent  tnidges. 
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(3)  Resonance  A«pllt\ide  Coefficients  (continued) 


exact  method  of  numerical  integration  ordinarily  entails  an  obscure  but  large 
accusulative  error.*  Whereas  such  imprecision  may  not  excessively  affect  the 
proper  values,  which  are  the  main  quantities  in  ordinary  linear  stability 
theory,  it  probably  can  adversely  alter  the  proper  functions  and  thereby  the 
resonance  coefficients,  which  ere  inq>ortant  in  the  present  theory.  Also, 
such  imprecision  would  prevent  a  satisfactory  exploration  of  the  nature  and 
role  of  the  higher  proper  solutions  (for  T  ^  2,3^..),  which  may  not  always  be 
negligible.  In  the  second  place,  the  techniques  of  ordinary  linear  stability 
theory  generally  apply  to  Just  real  values  of  a  and  R,  whereas  the  present 
theory  involves  complex  values  of  a  and  R  (as  well  as  of  c).  Moreover,  the 
possible  existence  and  iBq>crtance  of  abnormal  as  well  as  normal  proper  solutions 
merit  consideration.  Specifically,  the  cases  when  a  and  S  differ  by  a  multiple  of 
a  certain  value,  which  may  happen  in  the  three-dimensional  moticns  concerned  here 
but  not  in  the  two-dimensional  motions  usu^  ly  treated  in  ordinary  linear  stabil¬ 
ity  theory,  warrant  investigation.  For  such  values  of  a  and  p,  the  fundamental 
solutions  of  the  Orr-Sommerfeld  equation  have  a  singular  nature**  that  has  not 
yet  been  assessed.  Thus,  despite  the  vast  effort  in  ordinary  linear  stability 
theory,  the  Orr- Somme rf eld  system  hitherto  has  not  been  solved  in  an  entirely 
satisfactory  manner  nor  over  the  coi^>lete  ranges  of  its  parameters.  For  these 
reasons,  as  an  initial  step  in  the  practical  implementation  of  the  present 
theory,  a  better  technique  of  solving  the  Oir-Sonmerfeld  system  and  thereby  the 
more  general  systems  involved  here  %rais  sought  and  eventually  found.  This  im¬ 
proved  technique  Itas  given  excellent  results  in  trial  calculations  on  an 
electronic  computer  but  still  is  being  developed  and  therefore  remains  to  be 
described  in  a  iater  paper. 

(4)  Adjoint  Amplitude  Coefficients 

(k}ntinuing  in  an  analogous  manner,  the  adjoint  aoqjlitude 
coefficients  are  ascertained  from  Equations  (43)  and  (44),  which  constitute 
another  homogeneous  linear  differential  system  with  variable  coefficients. 

Eliminating  and  Equations  (43) 

■  A  ^  ^  X  — 

■  •j.j  "  ° 

lpsJ(AjJuJ  ♦  ch  ♦  iAj(ps^2  *  r^)  - 

•  -  'WX* 

where  J,k  ■  1,2,3.  These  equations  are  simplified  by  assigning  the  same  magnitudes 
to  s^  and  r^  as  to  Uj  and  p*^,  respectively,  while  observing  Equations  (101),  (112), 
and  (113).  Thereby,  the  whole  system  reduces  to 


reduce  to 


®k,jK  " 


(131) 


*This  error  is  due  to  a  spurious  solution  of  the  differential  equations  which 
enters  the  numerical  solution  through  truncation  errors  and  then  tends  to  grow 
excessively  as  the  integration  proceeds. 

**at  least  in  some  types  of  boundary  layers. 
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(4)  Adlolnt  Aaplltude  Coefftcients  (continued) 


and 


ips^(Aj^uJ+  c^)  ♦  lA^Cps^Ug  ♦  r^) 

»  --  -  i2A^s^  -  -  s^A^A^) 

^  j,33  3j,3  jmm 

ip83(A^U°  ♦  c^)  ♦  iA^tpsX  ♦  r^)  -  p8j^^3Uj  -  r^3 

=  u(8i  „  -  i2AU\  -j  - 

jfJj  j  j*j  j  m  ra 

® 

«i<C)  *  0 

n  n 

r\x!")  -  0 
n 


(132) 


(133) 


where  j,k  ^  1,2  and  in,n  =  1«2,3.  Substituting  the  dimensionless  quantities 


II 

c^  X  ch/T 

®m  “ 

m 

b-  =  rVpT^ 

(134) 

along  with  Equations  (116)  and  omitting  the  overscript,  the  same  relations  are 
obtained  as  for  the  dimensional  system. 

As  in  the  preceding  case,  an  alternate  form  of  Equations 
(132)  and  (133)  often  is  preferable.  This  form  Involves  Equations  (117) 
through  (119)  with  the  superscript  k  replaced  by  X  and  also  the  new  variables 

X  -  -  lA^.^ 

^  »  s^  (135) 

r  =  p(SjU°  +  ♦  r^ 

which  are  regarded  as  functions  of  z  alone,  First,  an  elimination  of  r^  alone 
supplies  the  supplementa'  equation 

X"  -  i2Yx'  -  (0^  ♦  Y^)X+  l(po/u)uX*  0  (136) 
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(continued) 


%rith  the  conditions 


x;o)  ■  0 

X(*)  ■  0 

In  the  prasent  pit^leai,  this  system  has  Just  the  trivial  solution 


(137) 


y  ■  0 


(138) 


which  together  with  the  first  of  Equations  (132)  leads  to  the  auxHlary  relations 


■  -lA^(t'  -  iyii) 


(139) 


and  then  to  the  Identity 


®s^,3  * 


(140) 


wiiere  j  ■  1,2.  Next,  an  elimination  of  Sp  s^,  and  r^  using  Equation  (140)  yields 
the  principal  equation 


-  14Yt***  (o^  ♦  8^  4  6y^)V" 

♦  12y(o^  ♦  8^  ^  2yh^*  *  (»^  ♦  Y^)0^  ♦ 

■  -Kpo/^)  ^u[y”  •  "  (of^  ♦  Y^H]  *  2u'(i^' 


(141) 


-  iYl')]’ 


with  the  conditions 


Y(0)  *  i''(0)  ■  0 
i^(«)  ■  ^M*)  *  0 


(142) 


Finally,  the  last  members  of  Equations  (132)  and  (133)  are  expressible  as  the 
equation 


r'  -  Iyt  ■  -  i2Yt'  -  (0^  ♦  Y^H] 


-  ipOUV  ♦  i(p/Qf)u' (  'jf'  -  Iyi^) 


(143) 


and  the  condition 


r(«#)  •  0 


(144) 


From  this  form,  ^  Is  obtained  first,  Independently  of  all  other  unknowns,  after 
which  s^  and  s^  and  fiitally  r^  are  evaluated  as  required.  Sometimes,  r^  and 
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(4)  Adjoint  Amplitude  Coefficients  (ccxitlnued) 


therefore  Equations  (143)  and  (144)  are  not  needed.  Furthermore,  substitution 
of  the  new  variables 


*  i|)  eKp(-lY2) 
r*  *  r  exp(>l\z) 


(145) 


yields  an  even  simpler  system,  which  with  the  asterisks  omitted  Is  Identical  to 
Equations  (l4l)  through  (144)  with  \  equated  to  zero. 

As  would  be  expected,  the  principal  resonance  system  given 
by  Equations  (120)  <uid  (121)  for  trivial  boundary  values  and  the  principal 
adjoint  system  given  by  Equations  (I4l)  and  (142)  are  adjoint  to  each  other 
over  the  interval  0  ^  z  ^  os.  Thus,  the  proper  values  of  these  systems  are 
identical  and  could  be  ascertained  irom  either  system,  although  the  principal 
resonance  system  seems  to  be  slightly  preferable  for  this  purpose.  When  y  equals 
zero.  Equations  (I4l)  and  (142)  degenerate  to 


/  2  .  t  H  ^  2q2 

-  (or  ♦  B  )‘i'  ^  P  V 

»  -i(pa/p)[u('j, -  a^;) 


+  2u'*'] 


(146) 


and 


^(0)  =  ^(0)  =  0 
^(»)  e  (»)  =  0 

which  is  merely  the  adjoint  of  the  Orr- Somme rf eld  system. 


(147) 


Along  with  the  reduction  of  the  amplitude  coefficient  systems 
to  ordinary  differential  systems,  all  three-dimensional  integrals  over  the  tran¬ 
sition  domain  D  are  replaced  by  one-dimensional  integrals  over  the  interval 
0  ^  z  ^  00.  In  effect,  this  interval  is  equivalent  to  a  three-dimensional  domain 
of  unit  lengths  in  the  Xj.  and  X2  directions. 


(H )  Generalizations 


Although  the  analysis  has  pertained  mostly  to  just  a  relatively 
simple  boundary  layer,  the  basic  techniques  and  main  results  can  be  generalized 
directly  to  many  other  flows.  First,  besides  the  spacewise  partial  resonances 
considered  so  far,  timewise  partial  resonances  resulting  from  timewise  aperiodic 
variations  of  the  flow  may  be  included.  Second,  the  Cartesian  tensor  represen¬ 
tation  may  be  replaced  by  a  curvilinear  tensor  representation,  enabling  curved 
wall  surfaces  and  adjoining  flows  and  also  curvilinear  phenomena  like  Goertler 
and  crossflow  vortices  to  be  encompassed.  Third,  the  original  incompressible 
differential  system  may  be  replaced  by  a  compressible  system  containing  the  con¬ 
tinuity,  momentum,  and  energy  equations  and  the  accompanying  fluid  property 
relationships.  The  latter  system  will  permit  supersonic  transitions,  and  also 
the  effect  of  external  sound  on  subsonic  transitions,  to  be  investigated.  How¬ 
ever,  that  system  ordinarly  will  have  some  nonquadratic  terms 
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(H)  Ctnerallzfttlona  (continued) 


%rhich  first  aust  be  reduced  to  nore  elementary  foras.  This  reducti(Mi  generally 
can  be  accoaplished  satisfactorily  by  approxiaating  the  fluid  property  relation* 
ships  by  finite  power  series  as  necessary  arxl  then  defining  various  quadratic 
products  as  suppleaentary  unknotms.  Fourth,  the  underlying  differential  system 
may  be  generalized  further  sc  as  to  cover  chemical  and  electromagnetical  inter¬ 
actions  including  dissociation  and  ionization.  This  extensi<m  will  pertain  to 
hypersonic  transitions  and  also  a  variety  of  other  important  phenomena  -«  such 
as  combustion  instability  in  rocket  BK>tors,  plasaa  instability  in  thermonuclear 
power  apparatuses,  and  certain  features  of  the  general  circulation  of  the 
atmosphere.  Again,  the  differential  system  could  and  therefore  would  be  reduced 
to  a  fora  containing  the  unknowns  just  quadratlcally.  Finally* several  other 
extensions  also  are  possible  •*  such  as  to  deforaable  wall  mirfaces,  foreign 
fluid  Injections*  etc. 

In  'iach  such  generalization,  the  unknowns  would  be  expressed  by 
perturbation  series  in  a  perturbation  parameter  representing  the  magnitude  of 
the  boundary  Irregularities.  Then,  these  series  wmild  be  substituted  into  a 
quadratic  differential  system  to  dbtain  a  sequence  of  perturbation  differential 
systems.  As  in  the  preceding  analysis,  the  zero-th  or  basic  perturbation  system 
would  be  nonlinear,  whereas  all  other  perturbation  systems  would  be  linear  but 
inhoaogeneoui'i  —  the  first  perturbation  system  having  homogeneous  differential 
equations  and  the  higher  ’>erturbatlon  systems  having  trivial  boundary  values. 
Again,  the  basic  flow  tKHild  be  chosen  as  the  laminar  flow  occurring  in  the 
absence  of  all  boundary  irregularities,  while  the  first  perturbation  would  be 
determined  sole'v  by  the  boundary  irregularities,  and  the  higher  perturbations 
would  be  deteral.ied  solely  and  recursively  from  lower  perturbations.  Thereby, 
in  contrast  to  the  formulations  of  other  theories,  the  entire  disturbance  motion 
would  be  related  directly  and  uniquely  to  the  boundary  irregularities  themselves. 
Furthermore,  by  a  process  like  that  used  earlier,  the  perturbation  components  of 
the  unknoms  would  be  expressed  in  Fourier  series  extending  over  all  coordinates 
and  the  time.  Next,  these  series  would  be  substituted  into  the  perturbation 
systems,  yielding  spectra  of  Fourier  coefficient  systems  resembling  those 
encountered  earlier.  Subsequently,  the  Fourier  coefficients  themselves  would 
be  decomposed  into  amplitude  coefficients  and  growth  functions.  Again,  the 
resulting  amplitude  coefficient  systems  %rould  include  a  differential  system 
resembling  the  one  encountered  in  ordinary  linear  stability  theory  but  possessing 
a  greatly  different  interpretation  and  application.  Also,  by  approximations  cor¬ 
responding  to  conventional  boundary  layer  assuiqptions,  the  basic  flow  and  ampli¬ 
tude  coefficient  systems  eventually  would  be  reduced  to  simpler  differential 
systems  that  could  be  solved  by  available  techniques.  (For  !he  basic  flow  in  a 
boundary  layer,  a  general  calculation  technique  already  has  been  developed 
(Reference  45))* 

Even  in  these  generalizations,  the  principal  phenomena  still  would 
be  simply  the  paicial  resonances  between  the  driven  and  the  driving  Fourier  coef¬ 
ficients.  The  resulting  growths,  expressed  mainly  by  the  growth  functions,  again 
would  include  not  only  variations  like  those  deduced  in  ordinary  linear  stability 
theory  but  also  diverse  faster  and  larger  variations.  However^  the  forms  of 
the  elemental  motions  as  represented  by  the  products  of  the  amplitude  coeffi¬ 
cients  and  the  phase  functions  still  would  resemble  those  predicted  by  the 
linear  theory.  Moreover,  the  calculations  involved  would  be  similar  to,  though 
soaM%rhat  more  general  and  complicated  than,  those  required  in  that  theory.  In 
fact,  after  appropriate  adaptation  and  re- interpretation,  many  results  available 
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(fl)  C#n«rallmtlon«  (contlmMd) 


froa  ordinary  linaar  stability  theory  could  be  used  for  the  aore  general  pbenoaena 
concerned  here  »  Insofar  as  such  results  are  precise  enough.  However,  upon  syn* 
thesisiug  all  of  the  constituent  notions,  a  wide  variety  of  critical  phenoaena 
not  predicted  nor  explained  by  the  linear  theory  would  be  obtained.  Conse<|uently, 
generalized  analyses  and  calculatlmis  like  those  just  indicated  should  yield  a 
variety  of  new  knowledge  advancing  the  status  of  several  engineering  and  scien¬ 
tific  fields. 

(I)  Concluding  Reaarks 

As  fomulated  here,  the  resonance  theory  of  transition  seeas  to 
provide  a  reasonable  explanation  of  instability,  transition,  and  turbulence  alike 
and  also  to  offer  a  possible  way  of  estiaating  such  phenoaena.  In  particular, 
this  theory  attributes  the  aain  features  of  each  of  these  phenoaena  to  a  rather 
siaple  basic  aechanisa  —  nnsly,  tlie  partial  resonance  that  aay  occur  between 
a  driven  and  a  driving  Fourier  coapoeant  of  the  flow  —  which  can  be  calculated 
by  available  or  attainable  techniques.  Moreover,  unlike  aost  other  theories, 
the  present  theory  relates  the  whole  aotion  directly  and  uniquely  to  the  condi¬ 
tions  at  the  boun^ries  of  the  flow,  this  aotion  being  synthesized  froa  a  basic 
notion  and  the  eleaental  taotions  generated  by  a  sequence  of  partial  resonances 
that  is  excited  by  the  boundary  irregularities.  N^ertheless,  besides  con¬ 
stituting  a  relatively  siaple  solution  of  a  fomldable  nonlinear  aatlrsaatical 
problen,the  theory  can  be  generalized  directly  to  a  vide  variety  of  fluid  flows. 
Thus,  altogether;  the  resonance  theory  appears  to  represent  a  substantial 
refinement  and  extension  of  several  previous  concepts  of  instability,  transition, 
and  turbulence. 


Hotraver,to  fully  Implement  the  theory,  some  new  calculation  methods 
are  required.  In  the  first  place,  precise  and  efficient  techniques  of  solving 
Che  approximate  asqilltude  coefficient  systems  are  needed.  As  mentioned  earlier, 
substantial  progress  In  this  direction  already  has  been  made.  In  the  second 
place,  suitable  approximate  or  exact  techniques  of  synthesizing  the  individual 
motions  from  the  partial  resonances  should  be  developed.  Alsc^  the  asyaq>totlc 
form  of  Che  synthesized  motion,  representing  fully  developed  turbulence,  should  be 
sought.  For  these  purposes.  Incorporations  of  some  techniques  from  the  classical 
theory  of  non-linear  oscillations  may  be  helpful.  In  the  third  place,  a  feasible 
technique  of  determining  each  perturbation  component  for  a  rough  or  deformable 
wall  surface  Is  needed.  Except  for  surface  waves  of  Infinitesimal  height  and 
slope,  such  a  calculation  requires  the  solution  of  a  linear  boundary  value  problem 
of  a  relatively  difficult  type.  In  the  fourth  place,  after  various  details  are 
clarified,  convenient  approximations  for  practical  applications  of  the  theory  should 
be  established. 


Also,  to  ascertain  the  validity  of  the  theory,  careful  and  cc«q>lete 
comparisons  with  experimental  observations  are  essential.  Unfortunately,  despite 
their  abundance,  the  existing  experlrmntal  data  are  Inadequate  for  this  purpose. 

As  a  careful  examination  will  reveal,  these  data  generally  do  not  Include  enough 
Information  to  fully  ascertain  the  boundary  Irregularities  at  the  wall  surface 
and  In  the  adjoining  flow.  Moreover,  the  actual  Influential  boundary  irregu¬ 
larities  usually  have  been  quite  random,  preventing  a  simple  coaq>arison  with 
theory.  Therefore,  some  careful  experiments  with  simple  and  knotm  bomndary 
Irregularities,  using  refined  and  complete  Instrumentation,  are  needed. 
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CHAPTER  B.  EXACT  NUMERICAL  SOLUTION  OF  THE  g^gLETE  LEES-LIN  EQUATIONS 
FOR  THE  STABILITY  OF  COMPRESSIBLE  FLOW 


W,  Byron  Brown 

(A)  Notation 


Characteristic 

Dimensionless  Quantities 

Measure 

p 

Gas  Density 

P* 

T 

Gas  temperature 

T* 

o 

First  viscosity  coefficient 

H*^ 

10 

^2 

Second  viscosity  coefficient 

^20 

a 

Disturbance  wave  number 

C 

Phase  velocity  of  the  disturbance 

u* 

o 

y 

Specific  heat  ratio  Cp/C^ 

R 

Reynolds  number 

p*"  u*  1 
:.a.— p- . 

77* 

^10 

M 

Mach  number 

u* 

o 

v/  Y  T*  R* 

Prandtl 

> 

number  o  -  - 

k* 

k 

Thermal  conductivity 

T  L  5^* 

Length  unit  ~ 

R 

C  a* 

P  10 

1 

X*  Distance  from  stagnation  point 
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(k)  Notation  (Continued) 


X 

y 

w 


Characteristic 


Dimensionless  Quantities  Measure 

Nondimensional  distance  I 

Distance  from  wall  / 

Undisturbed  velocity  in  boundary  layer  u* 

o 


f 


0 


TT 

t 


Velocity  disturbance  aimplitude  in  x  direction 

/  \  .  i  Of(x  -  Ct) 

u  =  w(y)  +  f(y)e 

Velocity  disturbance  amplitude  in  y  direction 

.  .  i  a(x  -  Ctl 
V  =  a  <p(y)e 

Disturbance  amplitude  of  pressure 

Time  j6/u* 

o 


A  bar  over  a  quantity  denotes  average  value,  a  dart  deiwtes 
fluctuation.  Subscript  o  denotes  freestream  value,  subscripts 
r  and  i  denote  real  and  iaiaginary  parts. 

(B)  Introduction 


At  the  Stresa  Conference  (Reference  57)  Reshotko  pointed 
out  that  at  Mach  numbers  above  2,  a  number  of  terms  depending  on  the 
temperature  derivati/es  of  the  viscosity  were  no  longer  negligible  on  ac¬ 
count  of  the  large  temperature  changer,  in  the  boundary  layer.  For  example, 
at  Mach  5,  the  wall  temperature  is  5.3  times  the  free  stream  temperature 
if  the  wall  is  insulated.  At  Mach  3  it  is  2.5  times. 

In  view  of  this,  Pfenninger  suggested  a  numerical  solu¬ 
tion  that  would  include  all  the  terms  in  the  Lees-Lin  equations  (Reference 
58),  not  only  those  suggested  by  Reshotko  but  all  the  others  as  well. 

This  has  been  done  in  this  report,  and  numerical  solutions  obtained  for 
flat  plate  profiles  with  insulated  walls  for  Mach  numbers  from  .4  to  5.8 
and  with  two  air  temperature  conditions  as  in  Reference  3.  The  first  is 
a  stagnation  temperature  in  the  air  stream  of  100 °F,  appropriate  to  com¬ 
mon  conditions  in  wind  tunnel  experiments.  The  second  condition  is  a  free 
stream  temperature  of  -67°F,  appropriate  to  flight  at  high  altitudes.  In 
most  cases,  the  velocity  and  temperature  profiles  used  were  those  given 
in  Reference  59. 
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(C)  Aiulyi* 

The  stebility  equations  for  e  compressible  boundary  are  given  in 
Reference  57  and  58  as  follows  in  nondiaensional  notation. 

(1)  Lees«Lin  Eouations 


o  p  |l(w  -  c)  f  +  w»  f 

iT  «  -  —  +  -  (f»  +  or^dpi  .  2f)'l 

V. 

J  R  1  J 

+  — 
3 


^2  *  ^1  2 
- -  Of  (icp*  -  f) 

(1) 

■^mw"  4- m’w*  4'»i'(f’  +  iPf^tPj 

\ia  1 

R  1 

[2CP"  4-  if»  -  a^<p} 

^*2  “ 

f  \ 

R 

—  |p"  +  if » 1 

I  +  2a»cpi  +1  (^2*  -  lij»)  («J>»  +  if)} 

pi  4-  if  -  IV  +  l(w  -  c)  (n  -  2)  *  0 
T  T 

w  P  "[iCw  -  c)  Q  +  T’col  “  “  -  1)  PT  (cp*  f  if) 

+  ^  -  Of^)  +  (mH) 

+  {tuw»^  -f  2fiw»  (f»  +  lo^<p)j' 


(2) 


(3) 


(4) 


boundary  condition:  f  »■  p  »  9  a  0  when  y  »  0  and  f,  cp,  &  bounded  as  y  ■*  „  where 

(5) 


m  »  9  ^  and 


at  a  Tt  ^ 

dT 


(6) 
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(C)  Analysis  (Continued) 
nay  be  ellninated  by  the  relation 

a-  +  2^  ^  «  0  (Reference  60)  (7) 

2  3  1 

Also  the  equation  of  state  Is  1  «  PT  If  the  pressure  Is  regarded  as  uncbinged 
through  the  boundary  layer  thickness. 

(2)  Reduction  to  Normal  Fom 

It  Is  shovm  In  Reference  58  that  this  set  of  four  equations 
(three  of  the  second  order)  can  be  expressed  as  a  system  of  six  linear  first 
order  equations.  Hie  dependent  variables  then  become 


Thus  the  normal  form  for  equations  1  to  4  becomes 


58 


(2)  P.educLinn  to  rorr.aI  7orr.  (Continued) 


C31  =  -i 


(lnT)» 


-i(v  -  c)] 


l(w  -  c) 


C41  - -i- [-  I  (lnT)»l  -  2(lnT)»  I  ^  il 
344  L  9  dT  J 

C42  “  [-i] 

344  L  J 

[f(lnl)"+  I  {(»nX)'f  -  2£ii|^+|{(i„T).}'  I&; 

C44  •  ^  [-  -  f(lnT)t  i(w  -  c)m2  .  |i(„  .  c)i;^(lnT)»I 

n.r  •  1  r®  /''  *  I  S/i-'X'Nt  W  -  c  ,  ,  iw»  dM-  8.  .  w  -  c  dM-  1 

ini9  ^  ~T”  ^^“51  +  “IT-  dT 


C4.  -  -L  i  i  ^y.,,r.,.c) 
a44  9  T 

2 

where  e^^  -  -S.  + 1  l(w  -  c)M 


-2(y  -  DM^Owt 


2S(lnT)«  -2(r  -  DM^wto'^ai 


(r  -  1)  (w  -  c)a 


M^qR  i 


iaRg(w  -  c)  .  T'  ^  .  Ill  l!ii, 
“  IT  dT  '  U  J3.2 


g(V  -  DM  ^„t2 
U  dT 
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(2)  Reduction  to  Normal  Forro  (Continued) 


r  _  2T»  dn 

66  ^  (jj 

The  boundary  conditions  In  terras  of  the  Z’s  are,  when  y  *  0, 

Zf  =  Z3  =  Z5  =  0  and 
Zp  Zjt  bounded  as  y  ro 

The  condition  Z3  =  0  when  y  =  0  Is  the  usual  one  for  high  frequencies  (Reference 
38). 

(3)  Boundary  Condition  at  y  «  6 

A  significant  difference  between  the  conditions  when  y  <  6  and 
those  when  y  >  6  is  that  in  tho  fomer  region  the  velocity,  density,  temperature, 
viscosity,  thermal  conductivity,  etc.,  all  vary  from  wall  values  to  freestream 
values,  l.e.,  they  are  functions  of  the  wall  distance  y.  In  the  freestream,  these 
physical  quantities  are  constants  (at  a  fixed  value  of  xj  the  distance  from  the 

stagnation  point).  Thus  where  y  >  6,  all  the  Cj^j’s  become  constants,  say  Cjj*»s. 
The  system  of  equations  (8)  becomes  the  system 

Zji  »  6  Cij*  (1  =  1,2, 3, 4,5, 6)  (9) 

<w 

j»l 

whose  solution  Is  well  knox^m. 

If  Zj  =  exp  (Xy)  Is  substituted  Into  the  above  system 

equation  (9)  in  the  usual  way,  it  can  be  shown  that  the  characteristic  determinant 
can  be  expressed  as 

F(X)  =  f(X2)  =  (X2)3  ^  (x2)2  ^  ^  A3 


v/here 


Si*  +  Ss*  S4*  S2*  S4*  S3*  +  Se*  S4* 


^46* 

f  * 

^64 

-  Ss* 

C  * 
^43 

C,  *  - 
^64 

S5*  S2* 

S4*  +  Si*  Ss* 

*  C ,  _ 

*  c,. 

*  +  C .  . 

*  C 

*  C,  * 

+  r  *  r 

r  *-r  ★r  * 

34  43 

51 

24  42 

:  65 

21  34  43  24  31 

* 

c,  * 

c. ,  *  - 

C  * 

c  *  c 

^  C  *  - 

C  *  C  *  C  *0 

35 

43 

64 

25 

31 

43  64 

21  ^34  ^43  ^65 

C  *  r  *  r  *  r  * 

24  "31  43  “65 
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(3)  Boundary  Condition  at  y  ■  6  (Contlnuod) 


If  the  roots  of  F(X)  ■  0  are  danotad  by 
±  1  "  1,2,3 

where  real  part  >  0 


then 


^1  -  -  ^1 
Xj  -  -  A2 
X2  ■  -  A3 
X4  ■  +  Aj^ 
X5  ■  +  A2 
Xe  -  +  A3 


and  the  general  solution  of  equation  (9)  nay  be  written 
2i  -  6  kjj  exp(Xjy)  (1  •  1,2, 3, 4,5, 6)  (y  ^  6) 


Of  the  36  constants  k^j  only  six  may  be  chosen  Independently. 

The  remainder  are  determined  by  substitution  Into  the  differential  equations  (9). 
Thus  It  Is  found  that  when 

>  r.*  .^2  _ *1  .. 


^Is  *  [^24  (^s  •  ^65^  ^25  ^64] 

-  kis  \  s  -  (1,2,3,4,5,6) 

■  s  [4  -  =6V  +  4  d 


‘‘2,  ■  \  h. 


S.  -  =3*  (S'  -  =2*1)  (S'  -  C6*5>  +  =35  =64  (S' 
+  C3*  [c24  -  C55)  +  C25  Cjj] 

h.  -  S  (S'  -  =2*1)  (S'  -  =6*5> 

^5.  -  S  =64  (S'  -  '2l> 


■“6.  -  S  S. 
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(3)  Boundary  Condition  at  y  «  6  (Continued) 


Thus  the  general  solution  of  (9)  is 


Z 


1 


6  >.  y 

j'l 


(11) 


The  stated  boundary  condltionsas  y  —  ■=  are  that  Zp  Z2» 

\_y  .  . 

remain  bounded.  The  implication  is  that  the  coefficients  of  e  must  vanish, 
for  y  ^  6  when  the  real  part  of  is  positive  l.e.,  wiien  s  =  4,5,6. 

Since  equations  (11)  applied  at  y  ~  6,  form  a  system  of 
simultaneous  linear  equations  for  evaluating  the  6  K^'s,  upon  solving  and  setting 

Kg  ■  0,  s  ■  4,5,6,  three  homogeneous  linear  functionals  in  the  Z^'s  result,  which 

must  be  satisfied  when  y  «  6. 

To  obtain  these  functionals,  let  be  the  cofactor  of 

In  the  kjj  matrix  and  let  k  «  Jet  k^.  Then 

6 

Kj  -  e  Zf  V  h  J  =  1,2, 3, 4, 5, 6  (12) 

1  ^ 


kj^j  matrix. 

6 

(kjj)’^  Zj(6)  -  0  i  =  4,5,6.  (13) 

1 

(4)  Fundamental  Numerical  Solutions 

When  y  <  6,  the  coefficients  are  variable  and  a  numberlcal 
solution  Is  required.  In  Reference  61  it  is  shown  that  the  general  solution  of 
a  system  of  linear  equations  can  be  expressed  in  terms  of  a  set  of  fundamental 
solutions  defined  by  their  initial  conditions.  Thus,  if 

(0)  - 


ru  -  -1 

The  factor  —  =  (k. ,)  and  can  be  found  by  inverting  the 
T" 

k 

Thus  the  boundary  conditions  when  y  =  6  are  given  by 


the  general  solution  of  (8)  may  be  written 


c.z. 

J  * 


(1) 


where  the 


are  constants  to  be  determined. 


(14) 


-62- 


(4)  ^md—»nt»l  Ht— rlcftl  Soluttwui  (Contimitd) 


Substitution  of  th«  initial  conditions  yields 

Zl(0)  -  (0)  -  q  -  0 

Z3(0)  -  C3Z3^^>  '0)  «  C3  -  0 

Z5<0)  -  C3Z5^^^  (0)  -  C5  -  0 

Banes  the  ganaral  solution  bacoows 

Zi  -  C2Zi^^^  +  C4Zi^^^  +  (15) 

Lat  C2  ■  1*  Than  tha  problem  is  to  deterraina  and  and 
any  two  of  tha  real  paramtars  Of,  R,  Cj.  aiul  from  the  conditions  at  y  ■  6, 

K4  ■  Kj  ■  Kg  ■  0  i«a*(  at  y  ■  6. 

!■)  +  *^6  y  .  0  (16) 

1  1 

i  "  4,5,6. 

For  convanianea,  lat 

^  -  .1 

Ki*-V(kij)  Zj  (6)  and  (17) 

1 

6 

KjMp)  -^J  (k^J^  Z^^P^  (6)  (18) 

1 

Than  (16)  bacomes 

Kj*  -  +  Cg  0  i  e  4,5,6.  (19) 

By  setting  K4*  *  K5*  =  0,  two  equations  can  be  found  con¬ 
taining  C4  and  Cg.  Solution  of  these  two  slmultaneou' ly  yields  values  for  C4 
and  Cg.  These  values  substituted  in  (19)  yelld  a  value  for  Kg*.  Then  a,  R,  C^. 
and  Cf  must  be  adjusted  so  that  Kg*  >  0. 
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(4)  FuntUnnrotal  Nu—rlcal  Solution*  (Continued) 


For  values  of  or  R  >  45  It  Is  difficult  to  ascertain  sufficiently 
accurate  values  of  Ca  end  Ca  from  the  fundamental  solutions  (which  are  oscillatory 
with  high  an^llflcatlon).  In  this  event  a  method  of  evsploylng  differential  cor¬ 
rections  to  and  Cg  Is  used.  After  C4  and  C5  have  been  found  approximately  from 

equation  (19)  i  ■  4,5f  an  Integration  Is  carried  out  with  Initial  conditions. 


Z2  *  C2  ■  1 

Z3  ■  0 


Z5  *  0 
^6  -  ^6 


(20) 


Denote  by  €4^^^  and  the  solution  of  K^*  ■  K5*  ■  0  and  by  the 

particular  solution  based  on  these  Initial  values. 


The  values  of  the  linear  functions  calculated  from  the 


'i(l)  denoted  by  l.e., 

6 


(21) 


If  and  Kjqj*  are  not  exactly  sero,  and  uiust 

be  corrected  to  naUe  them  so.  Because  the  and  are  functions  of 

C4  and  C^,  they  may  be  expanded  In  a  Taylor*s  Series. 

Ki*  (C4,  Ce)  =  Kj*  +[c4  -  C4^^^]  Sl 


,r.  p  (1)1  SKi* 


Because  Tc^, ,  C^J  =0  1  =  4,5 


C4  -  C4 
Cr  m  C  (1) 


C,.  -  C,.”>  (22) 


'U  ^'4 

^6  *  S 


(1) 


= 


A  “ 


:C/ 


+ 


C4 

C6 


=  C4 
'  ^6 


(1) 

(1) 


i  •  4,5  (23) 


C4 

Ce 


C4 


(1) 

(1) 
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(4)  Fundamental  Numerical  Solutions  (Continued) 


where  0^^^^  •  +  4C^ 

+  '‘=6 


will  give  iaiprovud  values  of  and  C^. 


The  partial  derivatives  in  (22)  and  (23)  may  be  approximated 


SKj*  +  6C4,  C^<^>]  “ 


910*  Ke* 


.  Kj*  [c4'^>, 


The  entire  process  may  then  be  repeated  until  satisfactory 
convergence  is  attained. 

Finally,  after  the  nth  boundary  values  have  been 

computed  and  the  corrections  ACj^  •  (n  +  1)  -  found,  a  final  improved 

estimate  of  K^*  ^  obtained  from  its  Taylor  expansd 


of  V  [c^("  +  n,  Cj<n  + 


obtained  from  its  Taylor  expansion. 


V  [c/"  *  c  <"  +  *>]  -  V,„)  +  4c< 


ON, 

+  ‘Cs 


(D)  Calculations 

The  method  described  has  been  used  to  compute  neutral  stability 
curves  for  two  series  of  flat  plate  profiles  from  M  «  0  to  M  «  5.0.  The  two 
series  are  those  whose  velocity  and  ten^erature  profiles  have  been  published 
in  Reference  59.  In  the  first  series,  the  stagnation  temperature  of  the  air 
stream  was  taken  ae  100 ®F,  appropriate  to  many  wind  tunnel  experiments.  In  the 
second  series,  the  freestream  static  teiqperature  was  taken  as  •67<*F,  appropriate 
to  high  flying  airplanes.  In  addition,  some  calculations  have  been  made  for 
M  •  5.8  (stagnation  temperature  225®F  and  Eu  »  +.0019)  to  compare  with  the  data 
of  Reference  62. 

Another  series  of  experiments  was  carried  out  at  M  •  5.8 
(Reference  62).  In  order  to  conpare  these  results  with  the  theoretical  solu¬ 
tions,  velocity  and  temperature  profiles  were  computed  for  this  case  by  the 
method  of  Reference  45. 
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(E)  Results  and  Discussion 


The  velocity  and  temperature  profiles  are  plotted  in  Figure  1 
and  Figure  2  in  nondlnenslonal  coordinates.  All  the  profiles  are  for  the 
insulated  flat  plate  case  except  M  **  5.8,  where  the  Euler  number  was  +.0019 
and  the  stagnation  temperature  225°F  to  match  the  experimental  conditions  in 
Reference  62. 


A  comparison  between  this  theory  and  the  experimental  results 
of  Rj.rference  63  is  shown  in  Figures  3  and  4  .  In  Figure  3  (M  =  1.6)  there 
is  good  agreement  with  the  experimental  data  in  both  branches. 

In  Figure  4  (M  «  2.2)  agreement  between  theory  and  experiment 
is  good  in  the  lower  branch,  but  not  so  good  in  the  upper  branch. 

The  theoretical  curve  of  Figure  4  (M  2.2)  has  been  compared 
in  Figure  5  with  another  theoretical  curve  presented  in  Reference  64,  the 
agreement  here  is  very  close  on  both  branches. 

Figure  6  shows  a  comparison  of  theory  with  experiment  at  M  =  5.8. 
The  data  points  are  from  Reference  62.  At  this  Mach  number  there  is  still  good 
agreement  in  the  lower  branch.  Again  there  is  disagreement  in  the  upper  branch, 
but  not  in  the  sar.e  sense.  Here  the  computed  points  are  above  the  data  points 
whereas  at  M  =  2.2,  Figure  4  ,  the  computed  points  are  below  the  experimental 
points. 


A  comparison  at  M  *  2.2  is  made  between  the  neutral  stability 
curves  given  by  a  numerical  solution  of  the  Lees-Lln  equations  (this  report) 
and  the  Ounn-Lln  equations.  The  critical  Reynolds  number  for  the  Dunn-Lln 
solution  is  about  25  percent  less  than  for  the  Lees-Lln.  The  unstable  region 
is  larger  for  the  Dunn-Lin. 

Figure  8  shows  a  similar  comparison  between  the  neutral  curves 
computed  by  the  Lees-Lln  and  Dunn-Lin  equations  when  the  Mach  number  is  increased 
to  5.  Here  the  difference  between  the  critical  Reynolds  numbers  has  Increased  to 
62  percent  instead  of  25  percent  at  M  2.2.  Both  are  below  Demetrlades  data  at 

M  =  5.8. 


Figure  9  shows  a  aeries  of  neutral  curves  near  the  critical 
Reynolds  number  in  each  case  for  Mach  numbers  from  0  to  5  when  the  freestream 
stagnation  temperature  is  100°F  and  the  surface  is  an  insulated  flat  plate. 

The  velocity  and  temperature  profiles  used  were  those  of  Reference  59  . 

A  similar  series  of  neutral  curves  was  computed  and  plotted  in 
Figure  10  for  the  other  set  of  profiles  computed  in  Reference  59,  those  where 
the  freestream  temperature  is  taken  as  -67 °F. 

These  two  series  of  neutral  curves  are  compared  in  Figure  II , 
where  critical  Reynolds  number  R„  is  plotted  as  ordinate  against  Mach  number 
M  as  abscissa.  This  comparison  snows  a  large  divergence  at  high  Mach  numbers. 
When  the  flight  alrstream  condition  is  used  (stream  temperature  -67 ^F)  con¬ 
siderably  more  stability  is  indicated  than  when  the  wind  tunnel  test  condition 
iu  used,  stagnation  temperature  =  100 °F, 
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(^)  Ccnclustons 


To  «  Mach  nvober  of  about  1.6,  the  Lees-Lln  equations  agree  very 
closely  with  observed  t Lability  data  In  both  upper  and  lower  branches  of  the 
neutral  stability  curve.  From  there  up  to  5.8,  neutral  stability  calculations 
with  the  Lees'Lin  equations  agree  well  with  the  experimental  data  for  the  lower 
branch  of  the  neutral  curve.  The  calculations  do  not  agree  with  the  data  in 
the  upper  branch.  A  possible  remedy  for  this  is  being  studied.  Up  to  about 
1.8«  the  Dunn-Lin  equations  give  a  good  approximation.  Above  that  Mach  number, 
they  diverge  rapidly  from  the  Lees^Lin  equations  as  the  Mach  number  increases. 
At  tlach  5,  the  Dunn-Lin  critical  Reynolds  nisnber  is  62  percent  below  the 
Lees-Lin  number. 


CHAPTER  C.  CROSSFLOW  STABILITY  CALCULATIONS  ON  HIGHLY  SWEPT  (65®  SWEEP) 

SUPERSONIC  LOW  1 

DRAG  BLC  WING  (MACH  NUMBER  1.8) 

WITH  AND 

WITHOUT  COOLING 

(A)  Notation 

W,  Byron  Brown 

Nondimens ior  .1  Quantities 

Reference 

Quantities 

Distance  normal  to  wing 

> 

6  »  boundary 

Time 

t 

layer  unit 

6/Qf 

Velocity  components 

Crossflow  parallel  to 

iaf(z-ct) 

w(y)  +  f(y)  e 

Q* 

wall 

Crossflow  perpendicular 

iQ((x-ct) 

v(y)  +  (y)  e 

Q* 

to  wall 

Density 

lof(x-ct) 

p  +  r(y)  e 

Pj* 

pi* 

Pressure 

i«(x-ct) 

p(y)  +  r(y)  e 

Temperature 

io(x-ct) 

T(y)  +  9(y)  e 

Ti* 

Viscosity  coefficient 

jT  ia(x-ct) 

^  e 

01 

Wave  nui?.ber  of  disturbance 

a 

1/6 

Wave  velocity  of  disturbance 

c 

Q’ 

Specific  heat  at  constant 

V 

Cp 

pressure 

Specific  heat  at  constant 

1 

r 

Cv 

volume 

Reynolds  number  Re  =  HliS.  -  -  /R 

Pl*Q’L  ’ 

Reynolds  number  R  =  ■ 

CUU,* 

Prandtl  number  a  = 

k* 
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(A)  Notation  (Continued) 


Hach  atmber 


Thermal  conductivity 


/YR*Ti* 

k  «  iiiii  +  — 0(y)  * 

o(^  dT  a 


la(x-ct) 


A  bar  (— )  denotes  a  mean  value* 

The  nondiraensional  quantities  w,  f,  d,  rr,  T,  r,  9  are  considered  functions 
of  y  alone. 

The  quantities  |A,  y,  c,  p  are  functions  of  T  only* 

For  moderate  Mach  numbers  as  here,  V  and  o  are  considered  as  constants 
equal  to  freestream  values* 


5  «  L  *  •  R 

o 


-1/2 


Lq*  >  chord  measured  perpendicular  to  the  leading  edge* 

Qf  s  resultant  potential  velocity  at  edge  of  boundary  layer* 

Pi*,  Pj*,  Tj*,  kij*,  etc*,  are  dimensional  values  at  edge  of  the  boundary  layer* 
The  primes  (*)  indicate  differentiation  with  respect  to  y* 

(B)  Introduction 

It  has  been  found  by  Reshotko  (Reference  65  )  that  (for  Mach 
numbers  below  2)  the  terms  used  in  the  Dunn>Lln  equations  (Reference  66)  are 
sufficient  for  stability  calculations  of  a  compressible  laminar  boundary  layer* 
This  simplified  version  of  the  complete  Lees>Lln  equations  (Reference  38)  has 
been  used,  therefore,  to  compute  the  stability  of  the  crossflow  profiles  on  a 
highly  swept  (65-degree  sweep)  supersonic  low  drag  BLC  wing  at  a  Mach  number 
of  1*86  with  and  without  cooling* 

^C)  Analysis 

The  analysis  is  the  same  as  in  Reference  7)  except  that  the  values 
of  the  C£j*s  are  simpler*  In  this  case  they  are  as  follows; 


,  _  Re  ia 

'21  -Hf" 


(w-c) 
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(C)  Analysis  (Continued) 


C22  ®  0 

C23 
C 


2A 

C31 

'■'33 

C34 

C35 

^41 

C42 

C43 

C44 

C45 

C46 

^63 

^64 


m  RC  ^  W* 

HT 

1=  Re 

e  -i 

«  (In  T)» 

«  -i  (w-c)  T 


1  (w-c) 
T 


Re 


^ACr/ 

-1  (In  T)< 
344 

•  i 

344 


+  1  (w-c) 


ah  {  ■ 

L.  {  -  (In  T)»  [n^  i  (w-c)l  -  Cm^  1  (v;-c)l’l 
44  '■  J 


344 


1  i  (w-c) 
^44  ^ 

(In  T)» 
IJ- 


-  r  ,(.^-0  i  a-  (w-c) 

M-V 


,  _  O'  Re  a  i  (w-c) 

^65  ■  H - T - 
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(D)  Calculations 


TWo  crossflow  profiles  were  considered.  These  profiles  were 
cooputed  by  the  nethod  described  in  Reference  45.  The  angle  of  sweep  was 
65  degrees  and  the  local  Mach  number  was  1.86  in  both  cases.  The  velocity 
profiles  are  shown  in  Figure  12  and  the  corresponding  tenqperature  profiles 
in  Figure  13. 


Four  neutral  stability  curves  were  computed,  two  for  each 
profile.  Because  the  boundary  condition  at  the  wall  is  different  for  high 
and  low  disturbance  frequencies  (as  explained  fully  in  Reference  66),  each 
condition  was  cooq}uted  for  each  profile.  Reference  66  shows  that  when 
the  disturbance  frequency  is  high  (the  usual  case  with  a  metal  surface), 
the  boundary  condition  at  the  wall  is  6(0)  =  0.  When  the  disturbance  fre> 
quency  is  very  low  the  condition  reduces  to 


e*(0)4- 


0 


6(0)  =  0 


Thus  in  the  Insulated  profile  =  0  at  the  wall  so  that  8'  =  0.  When  the 
surface  was  cooled  by  radiation,  ^  ^Jy-0  ~  •08666  in  this  case  so 
that  the  low  frequency  condition  was 


6’(0)  ♦  .08666  6(0)  =  0 


For  comparative  purposes  the  Orr- Somme rf eld  equation  was  applied  to  the 
two  velocity  profiles,  the  ten5)erature  profiles  being  neglected. 

(E)  Results  and  Discussion 

The  four  neutral  curves  are  shown  in  Figure  14,  the  solid 
curves  representing  the  two  high  frequency  cases  and  the  dotted  curves 
the  low  frequency  cases. 

Though  most  practical  cases  are  close  to  the  condition 
0(0)  =  0,  the  other  extreme  (very  low  frequency)  would  not  alter  the  re¬ 
sults  much,  especially  in  the  adiabatic  case  when  it  alters  the  critical 
Reynolds  number  1.6  percent. 

The  compressible  and  the  Orr-Sommerf eld  solutions  are  com¬ 
pared  in  Figure  15.  The  Orr-Sommerf eld  approximation  is  lower  taan  the 
compressible  one  by  an  amount  which  appears  to  depend  on  the  wall  temper¬ 
ature.  In  Figure  16  the  ratio  of  the  critical  Reynolds  number  computed 
by  the  Dunn-Lin  compressible  equation  to  that  computed  by  the  Orr- 
Sommerfeld  equation  is  plotted  against  the  ratio  of  wall  to  stream 
temperature.  Over  this  range  the  results  are  represented  by  the  curve 

^£c  _  .pO.47 
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(E)  Results  and  Discussion  (Continued) 

For  design  purposes,  a  few  compressible  solutions  covering  the  temperature 
range  expected  should  determine  a  curve  enabling  routine  results  to  be  found 
by  the  Orr-Sonmerfeld  equation,  v;hich  can  be  integrated  with  less  time  and 
expense* 

Figure  17  shm/s  the  correlation  plotted  in  Reference  67  but 
suggested  by  Gregory  (Reference  68)  between  a  shape  parameter  Reynolds  number 
X  and  a  shape  factor  T]''«  x  is  defined  as  the  maximum  velocity  of  the  profile 
multiplied  by  a  boundary  layer  thickness  when  the  velocity  has  decreased  to 
10  percent  of  its  maximum  value,  divided  by  the  kinematic  viscosity  v. 

T|"  is  the  wall  value  of  the  second  derivative  of  the  velocity  profile*  In 
our  notation 

V  .  =  U  Za  Re 

*crit  max  “  cr 


and 


The  equation  of  the  straight  line  is 


\rit 


58*8  +  *7077  T]"  (Reference  67)* 


'Then  the  two  points  found  from  the  compressible  neutral  curves 
(Figure  16)  are  plotted  in  Figure  17,  they  are  fotmd  to  lie  quite  near  the 
correlation  line  determined  from  incompressible  calculations* 
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CHAPTER  D.  IMOOWRESSIBLE  CROSSFLOW  STABILITY  CALCULATIONS  WITH  VARIOUS 
ANGLES  OF  THE  WAVE  FRONTS  WITH  THE  POTENTIAL  FLOW  DIRECTION 


W.  Bjrron  Brown 


(A)  Nof  tion 

L  wing  chord 

R  flight  Reynolds  number  ■  — 

V 

Re  boundary  layer  Reynolds  number  >  /R 

freestream  velocity  component  perpendicular  to  the  wing 
leading  edge 

V  velocity  component  parallel  to  the  surface  in  any  of  the 
given  planes 

y  nondiuensional  wall  distance 

or  wave  number  of  disturbance  (always  real,  nondimensional ) 

r  angle  between  given  plane  and  the  transverse  plane 

V  kinematic  viscosity 

(B)  Introduction 

Stuart,  in  Reference  4,  stated  that  if  the  plane  in  which  a  two> 
dimensional  boundary  layer  profile  on  a  swept  wing  is  computed  is  shifted  from 
a  direction  transverse  to  the  main  flow  both  ways,  then  a  series  of  boundary 
layer  profiles  results,  as  is  shown  in  Figure  18.  Each  profile  will  have  a 
neutral  stability  curve  which  can  be  computed  by  integrating  the  Orr-Soitgnerfeld 
equation.  One  of  these  should  have  the  lowest  Reynolds  number  of  the  group. 

In  the  present  report  four  of  the  suction  profiles  on  a  swept  wing 
close  to  the  wing  trailing  edge  have  been  computed  and  used,  in  turn,  to  compute 
four  neutral  stability  curves.  Among  these  four,  the  transverse  profile  has  the 
lowest  value  for  the  critical  Reynolds  number. 

(C)  Analysis 


If  the  diniensionless  velocity  normal  to  the  potential  streamline 
is  called  N  and  that  along  the  potential  streamline  is  called  T,  then  in  any 
other  direction,  obviously, 

«  N  cos  e  -  T  sin  €  (1) 

“o 

if  e  is  the  angle  between  the  given  plane  and  the  transverse  plane.  This  equa¬ 
tion  was  used  to  compute  the  velocity  profiles  in  a  direction  e  . 
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(D)  Calculations 


Four  profiles  were  conputed  by  eq  (1)  and  plotted  In  Figure  18. 
The  four  values  of  c  were  -7°40',  0,  7®40*  and  15°20', 

Four  neutral  stability  curves  were  computed  by  the  method  of 
Reference  6.  These  stability  curves  are  shown  in  Figure  19. 

(E)  Results  and  Discussion 


The  curves  of  Figure  19  show  that  both  the  critical  Reynolds 
number  and  the  range  of  wave  numbers  in  which  amplification  is  possible  depends 
on  F.f  which  measures  the  direction  of  the  profile  plane. 

If  the  critical  Reynolds  numbers  are  read  from  the  curves  of 
Figure  20' and  plotted  against  values  of  e*  then  Figure  20  results.  The  lowest 
point  of  the  curve  does  not  appear  to  be  exactly  at  the  transverse  plane,  but 
it  is  so  near  it  that  the  value  of  Re  critical  for  the  transverse  plane  is  not 
far  from  the  minimum  for  any  plane. 

(F)  Cone lusions 

The  critical  Reynolds  number  computed  from  the  transverse  boundary 
layer  profile  at  a  station  close  to  the  trailing  edge  of  a  swept  laminar  sue* 
tion  wing  Is  within  about  ten  percent  of  the  lowest  value  for  any  plane  profile. 
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(B)  Summary 

Low  drag  boundary  layer  suction  experiments  were  conducted 
at  high  Reynolds  numbers  in  the  Ames  12-foot  pressure  tunnel  on  the  Norair 
30°  swept,  12-percent- thick,  symmetrical  laminar  suction  wing  at  a  =  0,  +1, 
+1.5  and  -2°  angles  of  attack.  At  five  atmospheres  tunnel  pressure  full 
chord  laminar  flow  was  maintained  up  to  a  wing  chord  Reynolds  number 
Rj;  =  29  X  10°  within  an  angle  of  attack  range  of  a  =  +1°,  with  a  minimum 
equivalent  total  drag  coefficient  at  R^.  =  27  x  10°  of  Cjj  -  .00097  for 

*^in 

both  wing  surfaces  (including  equivalent  suction  drag)  and  a  corresponding 

optimum  suction  quantity  coefficient  Cn  =  .00070,  At  a  =  +1.5®  full 

'^pt  ~ 

chord  laminar  flow  was  maintained  up  to  R^.  =  22  x  10^  and  24  x  10^,  respec¬ 
tively. 


With  increasing  wing  chord  Reynolds  numbers  higher  values 
of  the  nondiraensional  suction  quantity  were  required  to  maintain 

the  boundary  layer  sufficiently  stable  under  the  crossflow  conditions  due 
to  sweep.  As  a  result,  the  profile  drag  decreased  with  Reynolds  number 
at  a  considerably  slower  rate  than  the  laminar  friction  drag  of  a  flat 
plate. 

With  increasing  wing  chord  Reynolds  numbers  suction  had 
to  be  extended  further  forward  toward  the  leading  edge,  and  increasing 
local  suction  rates  (vq/Uoo)  (for  equivalent  area  suction)  were  then 
required  over  the  wing  chord,  particularly  in  the  leading  edge  region. 


Calculation  of  the  boundary  layer  development  for  several 
test  points  :.t  angles  of  attack  a  =  1°,  0°,  +1®  indicate  that  the  laminar 
boundary  layer  on  a  swept  laminar  suction  wing  is  affected  by  both  the 
stability  of  the  tangential  flow  and  the  crossflow  in  the  boundary  layer. 

It  appears  that  the  crossflow  stability  limit  Reynolds  number  cannot  be 
exceeded  as  much  without  transition  when  the  tangential  flow  is  less  stable, 
and  vice  versa.  At  a  -  0®  and  R^,  =  23  x  10^  the  minimum  stability  limit 
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(B)  Summary  (Continued) 


Reynolds  number  for  the  crossflow  was  exceeded  by  approximately  80  per¬ 
cent  over  a  large  percentage  of  the  wing  chord. 


Premature  transition,  as  observed  at  the  higher  Reynolds  nenbers, 
was  probably  caused  (1)  by  the  wind  tunnel  disturbance  level  (due  to  turbulence 
and  noise)  and  (2)  by  the  fact  that  most  of  the  suction  slots  and  suction  holes 
were  too  wide  for  the  high  Reynolds  number  tests  since  the  model  was  originally 
designed  for  much  lower  wing  chord  Reynolds  numbers.  The  same  fact  probably 
was  responsible  for  the  frequently  observed  loss  of  full  chord  laminar  flow 
with  over-suction  at  the  higher  wing  chord  Reynolds  numbers.  At  lower  Reynolds 
numbers  oversuctlon  did  not  cause  premature  transition. 

(C)  Notation 

b  average  span  of  test  region  (measured  normal  to  the  free- 

stream  direction)  (ft) 

c  model  chord  (measured  in  the  freestrean  direction)  (ft.) 


Cd 


=  — coefficient  of  drag,  based  on  body  wetted  area  £. 


COt 


E 

all 

chambers 


coefficient  of  drag  due  to  suction 
power  required  to  accelerate  the 
suction  air  to  undisturbed  velocity 
and  pressure  v/ithout  losses 


coefficient  of  equivalent  total  drag 


Cj)  minimum  equivalent  total  drag  coefficient 

^mln 


wake  drag  coefficient 

C£  laminar  flat  plate  friction  coefficient 

P  “  Pen 

Cp  =  - ;  pressure  coefficient  with  respect  to  ambient 

static  pressure  p^ 


pressure  coefficient  of 
with  respect  to  ambient 


individual  suction  chamber 
static  pressure  p 

'Ti 


suction  coefficient 
body  wetted  area  £ 


of 


individual  suction  based  on 
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(C)  Notation  (Continued) 


^r- 

'opt 


t 


D 

H 


optiraum  total  suction  coefficient  corresponding  to  minimuir. 
equivalent  total  drag 


T.  Cn  ;  total  suction  coefficient 
all 


chatnbers 
drag  (lb.) 
6* 


;  boundary  layer  shape  parameter 


!L,,, 


average  boundary  layer  shape  parameter  between  the  value 
at  the  v;ing  trailing  edge  and  the  value  at  infinity 

boundary  la^’er  shape  parameter  at  the  wing  trailing  edge 


F 

P. 


static  pressure  (Ib/ft  ) 

2 

static  pressure  in  individual  suction  chamber  (Ib/ft  ) 


undisturbed  freestream  static  pressure  (Ib/ft^) 

1  2  2 
*  j  undisturbed  freestream  dynamic  pressure  (Ib/ft  ) 


0- 


suction  quantity  of  Individual  suction  chamber  (ft  /sec) 


radius  of  metering  hole  (ft.) 


Pl%c 

"’ll 


•;  Reynolds  number  based  on  model  chord 


Rv 


*  — Reynolds  number  of  suction  flow  metering  hole 


R- 


PU3  t^/2 


•;  Reynolds  number  of  suction  slot 


R 


SL 


^).i 


minimum  crossflow  Reynolds  number  below  which  all  boundary 
layer  disturbances  are  damped 


P  '^max  yw*0,l  w, 


pi 


;  crossflow  Reynolds  number 


i  Reynolds  number  based  on  boundary  layer  momentum 
P”  thickness 
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(C)  Notation  (Contlcued) 


s 

S 

u 


“h 


u. 


U 


U. 


TE 


U 


w_ 


max 


y 

a 

6 

6* 


TE 


distance  along  airfoil  surface  (ft.) 

2 

■  b  X  c;  area  of  test  region  (ft  ) 

velocity  in  boundary  layer  (at  height  y)  tangential  to 
the  streamline  at  the  outer  edge  of  the  boundary  layer 
(ft/sec) 

average  velocity  through  suction  flow  metering  hole  (ft/sec) 

average  velocity  through  suction  slot  (ft/sec) 

velocity  at  outer  edge  of  boundary  layer  (ft/sec) 
potential  flow  velocity  at  the  wing  trailing  edge  (ft/sec) 

undisturbed  freestream  velocity  (ft/sec) 

suction  velocity  for  equivalent  area  suction  (ft/sec) 

Vq  , 

=  — /Rg;  nondimensional  suction  velocity  for  equivalent  area 
suction 

crossflow  velocity  in  boundary  layer  (at  height  y)  normal  to 
the  streamline  at  the  outer  edge  of  the  boundary  layer  (ft/sec) 

maximum  crossflow  velocity  (ft/sec) 

distance  along  airfoil  chord  line  (ft.) 
distance  normal  to  the  airfoil  surface  (ft.) 
angle  of  attack 
boundary  layer  thickness  (ft.) 

6 

*  (1  -  — )dy;  boundary  layer  displacement  thickness  (ft.) 

•^o 

boundary  layer  displacement  thickness  at  the  wing  trailing 
edge  (ft.) 

slot  width  measured  normal  to  the  v/ing  element  lines  (ft.) 

6 

~  J  p  layer  momentum  thickness  (ft.) 

o 
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Notation  (Continued) 

boundary  layer  moanentum  thickness  at  the  wing  trailing 
edge  (ft.) 

wake  momentum  thickness  far  behind  the  model  (ft.) 

2 

absolute  viscosity  (Ib-sec/ft  ) 
density  (Ib-sec^/ft^) 


Introduction 

On  a  swept  laminar  suction  wing  spanwise  pressure  gradients  deflect 
tho  boundary  layer  air,  which  has  lost  part  of  its  energy,  toward  the  regions  of 
low  static  pressure.  As  a  result,  the  flow  path  of  the  boundary  layer  particles 
on  a  swept  laminar  suction  wing  differs  from  the  potential  flow  streamline,  and 
a  boundary  layer  crossflow  develops  in  the  direction  normal  to  the  potential 
flow  streamline.  The  boundary  la^er  crossflow  profiles  in  this  direction  show 
inflection  points  and  are  thus  dynamically  highly  unstable  against  external  dis¬ 
turbances  at  high  wing  chord  Reynolds  numbers.  The  boundary  layer  crossflow 
becomes  unstable  beyond  the  crossflow  stability  limit  Reynolds  number  (Reference 
6  ),  and  the  question  then  arises  whether  laminar  flow  can  be  maintained  by 
means  of  boundary  layer  suction  through  discrete  slots  up  to  high  wing  chord 
Reynolds  ntssbers. 

Full  chord  laminar  flow  was  maintained  on  a  30°  swept  12-percent- 
thick  symmetrical  laminar  suction  wing  by  means  of  suction  through  many  fine 
slots  \ip  to  R^  •  13  X  10^  in  the  Michigan  5-  by  7-foot  tunnel  (References  69  and  70) 
and  in  the  Norair  7-  by  10-foot  tunnel.  According  to  theory,  full  le.tgth  lami¬ 
nar  flow  should  have  been  feasible  up  to  higher  wing  chord  Reynolds  numbers 

V 

with  somewhat  larger  nondimens ional  suction  velocities  v  *  »  — 2. /r  partlcu- 

larly  in  the  front  part  of  the  wing,  provided  the  external  turbulence  was 
further  reduced. 

The  purpose  of  the  present  experiments  is  the  verification  of 
full  chord  laminar  flow  on  the  30°  swept  12-percent- thick  symmetrical  low  drag 
suction  wing  of  Reference  2  at  further  increased  Reynolds  numbers  in  the 
Ames  12-foot  pressure  tunnel. 

In  order  to  correlate  the  actual  crossflow  Reynolds  number  of  the 
tests  on  the  30-degree  swept  laminar  suction  wing  with  the  theoretical  sta¬ 
bility  limit  Reynolds  number  for  the  boundary  layer  crossflow  (Reference  6  ), 
the  boundary  layer  development  over  the  model  was  calculated  at  several  test 
points  by  the  method  of  Reference  ^5.  The  results  of  these  calculations  are 
presented  in  the  second  part  of  this  report. 

The  model  used  in  the  wind  tunnel  experiments  was  designed  for 
operation  at  a  length  Reynolds  number  R^  ■  10^.  During  the  experiments,  length 
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(D)  Introduction  (Continued) 


Reynolds  numbers  of  28  x  10^  were  attained  with  full  chord  laminar  flow.  In 
order  to  ascertain  the  effects  of  operating  so  far  from  Che  design  pointy 
calculations  x;ere  nade  to  determine  the  Inflow  of  each  slot  near  the  trailing 
edge  at  the  highest  length  Reynolds  numbers  attained.  The  results  of  these 
calculations  arc  also  included  In  this  report. 

(E)  Experimental  Investigation 
(1)  Experimental  Setup 

Figure  1  shows  the  installation  of  the  model  In  the  NASA 
Ames  12-foot  pressure  tunnel.  Tlie  model,  of  seven-foot  chord  and  seven-foot 
span,  was  mounted  betx^een  endplates  and  was  supported  by  struts  extending  from 
the  endplates  to  the  wind  tunnel  floor  and  celling.  Two-dimensional  flow  along 
tl'.e  wing  span  was  maintained  by  shaping  the  inner  walls  of  the  endplates  accord¬ 
ing  to  the  undisturbed  streamlines  around  an  Infinitely  long  yawing  wing  of  the 
same  cross  section  and  sweep,  working  in  Infinite  flow  at  o  c  0°. 

Figure  2  and  Tables  1  and  11  give  the  cross  section 

of  the  wing  with  details  of  the  suction  skin  and  chambers.  The  suction  air 
passed  through  ninety-three  fine  slots  of  O.OOA  to  0.005-inch  width  (located 
from  0.005, c  to  0.97  c)  into  small  spanwlse  grooves  and  holes,  located  under¬ 
neath  the  slots,  into  various  suction  chambers  (Figure  2  ).  The  slots  were 
cut  ’.rith  a  diamond  slitting  saw  into  a  0.030- inch- thick  outer  skin  which  was 
bonded  onto  a  0.2 5- inch- thick  continuous  inner  skin.  In  order  to  be  able  to 
adjust  the  suction  distribution  in  the  front  part  of  the  wing  within  a  wide 
range  for  various  angles  of  attack  and  v;ing  chord  Reynolds  numbers,  individual 
suction  chambers  were  provided  for  the  first  five  slots,  located  from  0.005  c 

to  0.13  c.  The  remaining  eighty-eight  slots  were  connected  to  t%felve  suction 

chambers.  From  the  various  chambers,  the  suction  air  was  ducted  through  indi¬ 
vidual  flow  measuring  nozzles  and  tubes,  passing  through  the  lower  support  strut, 
into  a  common  suction  box  (Figure  1  )  and  through  a  long  pipe  and  a  sonic 
throat  into  the  atmosphere.  Since  the  experiments  were  conducted  at  five 
atmospheres  tunnel  pressure,  suction  could  be  operated  by  bleeding  the  suction 
air  into  the  atmosphere.  The  total  rate  of  suction  was  controlled  by  remotely 
varying  the  cross  section  of  the  sonic  throat.  The  individual  suction  quanti¬ 
ties  of  the  various  suction  chambers  were  remotely  controlled  by  means  of 
adjustable  needle  valves  located  at  the  inlet  to  the  common  suction  box. 

In  order  to  maintain  uniform  flow  conditions  in  the  test 
area  with  fully  developed  spanwlse  flow  in  the  boundary  layer,  auxiliary  suc¬ 
tion  slots  and  chambers  were  added  to  both  sides  of  the  test  area.  The 
length  of  the  auxiliary  slots  on  the  upstream  side  of  the  wing  was  chosen 
according  to  an  analysis  by  Raetz  (Reference  45  )  of  the  spanwlse  extent  over 
which  the  boundary  layer  crossflow  is  not  yet  fully  developed.  The  three  suc¬ 
tion  tubes  from  each  measuring  chamber  and  its  two  corresponding  auxiliary 
chambers  were  connected  upstream  of  the  common  suction  box  in  such  a  manner 
that  the  spanwlse  suction  rate  in  the  area  of  the  auxiliary  chambers  was  the 
same  as  in  the  measuring  region. 
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(1)  Experimental  Setup  (Continued) 

A  surface  wavlness  of  1/3000  Inch  per  inch  vave  length  or 
less  was  maintained*  The  test  surface  was  sanded  with  Ho.  600  grade  sandpaper 
and  polished  with  silicone  wax.  Dust  was  removed  with  a  “tack-rag.” 

(2)  lieasurements  and  Evaluation 


The  objective  of  this  investigation  was  the  study  of  the 
behavior  of  the  laminar  boundary  layer  on  a  swept  wing  with  suction  through 
many  fine  slots  and  the  deterc^lnation  of  the  drag  characteristics  and  suction 
requirements  of  this  swept  wing  at  various  angles  of  attack  or  and  Reynolds 
ntsnbers  R^.  At  each  of  the  various  Reynolds  numbers  and  angles  of  attack  the 
stjction  quantities  were  varied  over  a  range  that  included  the  point  of  minimum 
drag.  The  following  measurements  were  taken. 

The  pressure  drop  across  the  calibrated  flow  measuring  nos- 
sles  located  at  the  downstream  end  of  the  various  suction  chambers  was  measured 
to  evaluate  the  suction  quantities  of  the  various  suction  chambers*  The 
corresponding  chamber  static  pressures  were  taken  at  the  downstream  end  of  the 
suction  chambers.  The  lengthwise  pressure  distribution  was  recorded  by  means 
of  twenty-four  static  pressure  orifices  located  front  0.8  to  100  percent  of  the 
chord  c. 

The  boundary  layer  profile  at  the  model  trailing  edge  was 
measured  by  means  of  a  boundary  layer  rake»  consisting  of  seven  flattened  total 
pressure  tubes «  and  by  a  static  pressure  orifice  located  at  the  same  chord  sta¬ 
tion  but  displaced  by  0.5  inch  in  the  spanwise  direction* 

The  state  of  the  boundary  layer  in  the  test  area  was  observed 
by  means  of  microphones,  connected  to  various  wall  static  pressure  orifices,  and 
from  the  boundary  layer  measurements  at  the  model  trailing  edge* 

The  static  pressures  in  the  measuring  nozzle,  suction  chambers 
and  on  the  external  wing  surface  and  the  total  pressures  from  the  boundary  layer 
rake  were  displayed  on  a  U-tube  manometer  panel.  The  pressure  data  were  recorded 
photographically  on  70-nin  roll  film,  which  was  then  read  on  a  film  reading 
machine.  The  final  recording  was  on  keypunched  cards  suitable  for  use  on  an  IBM 
704  digital  computer. 

The  undisturbed  freestream  static  and  dynamic  pressures  p^ 

and  q^  were  evaluated  by  a  comparison  of  the  measured  and  theoretical  wing  pres¬ 
sure  distributions.  At  angle  of  attack,  p  and  q  were  selected  so  as  to  cause 

€P  CO 

agreement  of  the  measured  wing  pressure  distributions  at  the  trailing  edge.  In 
addition,  it  was  checked  that  the  variation  of  the  measured  pressure  at  a  given 
orifice  location  was  linear  with  angle  oi'  a  ttack. 

From  the  measured  suction  quantities  of  uhe  various  suc¬ 
tion  chambers  the  suction  quantity  coefficients  *  Qa/U^bc  oi  the  individual 

'a 

chambers  and  the  total  suction  quantity  coefficient  Cq^  •  Z  Cq  were 

all  a 
chambers 
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(2)  Measurements  and  Evaluation  (Continued) 


evaluated.  With  the  nondlme ns tonal  coefficient  of  the  pressure  rise  across 
the  suction  con^ressor  Cp  »  (p_  -  p  Vo  to  accelerate  the 


'8a 


S wCt  iOii  a  lV 


isentiopically  to  freestream  pressure  and  velocity  the  equivalent  suction 
drag  coefficient  is 
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The  wake  drag  coefficient  was  evaluated  from  the  measured 
momentum  thickness  3<j<£  of  the  boundary  layer  at  the  wing  trailing  edge  accord¬ 
ing  to  Squire  and  Young: 
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where  H  is  the  value  of  H  *  (S*/6)  in  the  wake  between  the  trailing  edge  and 
infinity;  H  1.4  and  1.0  shortly  downstream  ot‘  the  ving  trailing  edge  and  at 
infinity,  respectively,  so  that  H+2  *  3.2  and 


CDw 


/^TEn3.2 

c  Uo, 


The  equivalent  total  drag  coefficient  of  the  wing  is,  then, 


^Dt  “  +  ^Ds* 


(3)  Experimental  Results 


The  pressure  distributions  measured  at  various  angles  of 
attack  01  are  shown  in  Figure  4  ,  in  Figures  5  through  10  are  shown 
representative  variations  of  the  equivalent  suction  drag  wake  drag 

and  equivalent  total  drag  Cdj.  with  total  sucMon  coefficient  Cq^  for  various 


angles  of  attack  o'  and  wing  chord  Reynolds  numbers  R^.  The  figures  illustrate 

the  two  regimes  of  flow  characteristic  of  the  variation  of  the  equivalent  total 
drag  coefficient  with  increasing  rate  of  suction  flow.  The  low-suction  regime 
of  flow  is  characterised  by  rapidly  decreasing  wake  drag  as  increasing  suction 
stabilizes  the  boundary  layer  and  reduces  the  number  of  occurances  of  turbulent 
buzsts.  As  suction  is  Increased  further,  and  turbulent  bursts  are  eliminated 
entirely  the  laminar  boundary  layer  is  merely  thinned  by  additional  suction. 
Since  the  decrease  of  wake  drag  due  to  the  thinning  of  the  laminar  boundary 
layer  is  Inadequate  to  compensate  for  the  additional  equivalent  drag  due  to 
suction  the  equivalent  total  drag  Increases.  Thus,  a  minimum  equivalent  total 
drag  occurs  at  a  given  optimum  total  suction  flow  coefficient 
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(3)  Experlnent  Results  (Continued) 


The  vavletion  with  wing  chord  Reynolds  nuraber  of  the 

minimum  equivalent  total  dreg  G0j^  of  the  upper  wing  sutface  at  angles  of 

TBln 

attack  0=0  and  ±1°  is  shown  In  Figure  11  and  the  variation  of  the  cor¬ 
responding  optimum  total  suction  flow  coefficient  with  R^.  Is  shown 

In  Figure  12,  Previous  results  from  tests  In  the  University  of  Michigan 
5-  by  7-foot  wind  tunnel  (Reference  70  )  and  the  Norair  7-  by  10-foot  wind 
tunnel  are  also  shown.  The  variation  of  with  R  at  of  =  ±1#5,  -2°  is 

shown  In  Figure  13,  nnln  ^ 


Figure  1^  shows  faired  plots  of  the  experimental  values 
Cd  /R^  for  different  angles  of  attack  and  Reynolds  numbers*  Chordwlse  dis¬ 
tributions  of  the  nondimens lonal  equivalent  area  suction  velocity 


Vq*  ■  /R^  are  shown  In  Figure  15  for  various 


numbers  at  the  angles  of  attack  studied. 


representative  Reynolds 


(F)  Theoretical  Analysis 

(1)  Computational  Procedure 

(a)  Boundary  Layer  Development 


The  particular  test  points  (run  numbers)  chosen  for 
study  are  listed  In  Table  Ill  •  Angles  of  attack  Of  »  -1,  0  and  +1  degrees, 
at  which  full  chord  laminar  flow  was  maintained  up  to  25  x  10^  to  29  x  10^ 
wing  chord  Reynolds  numbers  were  selected*  Various  Reynolds  numbers  were  chosen 
at  each  angle  of  attack*  At  a  given  Reynolds  nxmabe*  and  angle  of  attack  the  test 
point  having  a  suction  coefficient  closest  to  or  somewhat  larger  than  the 
optimum  (l*e*,  the  suction  coefficient  for  minimum  equivalent  total  drag)  was 
selected*  Finally,  the  test  points  of  highest  suction  coefficient  at  the 
maximum  and  minimum  Reynolds  numbers  were  Included  to  give  an  Indication  of 
the  effect  of  oversuction* 


Developn^nt  of  the  boundary  layer  for  the  selected 
test  runs  was  calculated  by  means  of  Raetx^s  method  (Reference  43  )  on  an 
IBM  704  high  speed  digital  computer*  The  method  calculates  boundary  layer 
profiles  at  a  large  number  of  chordwlse  steps  by  a  difference  method*  Numeri¬ 
cal  data  defining  the  boundary  conditions  is  required  at  each  point*  For  com¬ 
putational  stability,  these  data  must  be  smooth  and  consistent,  and  their 
derivatives  are  restricted  in  magnitude  so  that  the  differences  between  points 
are  not  too  large*  Figure  16  Is  a  comparison  of  the  measured  pressure  distri¬ 
butions  and  the  approximations  used  for  the  calculations*  The  nondlmens loral 
Inflow  velocity  distribution  used  for  a  given  run  Is  Illustrated  along  with 
the  summary  of  results  for  the  run*  Total  suction  quantity  of  the  distribu¬ 
tions  used  for  the  calculations  agreed  with  the  measured  total  suction  quan¬ 
tities  within  plus  or  minus  1  percent* 
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(a)  BvVjndary  Layer  Development  (Continued) 

Since  the  model  was  originally  designed  to  be  tested 
at  a  wing  chord  Reynolds  number  =  10^  and  was  actually  tested  up  to 

Rc  “  28  X  10^,  the  chordwise  suction  Inflow  distribution  at  the  high  Reynolds 
number  would  not  be  uniform.  Preliminary  calculations  showed  that  it  would  be 
of  a  "sawtooth*'  nature,  as  shown  in  Figure  24.  Such  a  distribution  would  be 
very  difficult  to  approximate  in  the  manner  required  by  the  program,  and  the 
large  differences  involved  would  strain  the  accuracy  of  the  computations 
(aspecially  toward  the  rear  of  the  airfoil). 

(b)  Off-Design  Suc*'lon  Inflow 

Calculation  of  the  effects  of  operating  the  model  under 
conditions  far  from  t:hese  for  which  it  was  desi^  ed  required  determination  of 
the  suction  flow  through  each  Individual  slot.  The  model  geometry  is  given  in 
Table  II  and  the  external  flow  conditions  are  the  experimental  values.  The 
pressure  drops  through  the  model  slot  and  hole  combinations  were  determined  by 
plotting  surface  and  suction  chamber  pressure  coefficients.  The  suction  flow 
rate  could  then  be  evaluated  from  existing  data  on  the  pressure  drop  through 
slots  and  holes  as  a  run-'tion  of  flow  rate  (Reference  73,  pages  307  and  310). 
This  method  requires  an  iterative  calculation  ];^rocedure*  Slot  Reynolds  num¬ 
bers  Rg  (based  on  the  average  velocity  through  the  slot  and  the  half  width  of 
the  slot)  and  hole  Reynolds  numbers  Rh  (based  on  the  average  velocity  through 
the  hole  and  the  hole  radius)  were  calculated  directly,  once  the  suction  flow 
rate  through  the  slot  and  hole  combination  was  known. 

(2)  Computation  Results 

(a)  Boundary  Layer  Development 

A  representative  example  of  the  computed  development  of 
the  laminar  boundary  layer  is  given  in  Figures  17  and  18.  Figure  17  sum¬ 
marizes  the  development  of  the  boundary  layer  crossflow  as  represented  by  the 
crossflow  Reynolds  number  Rq^j  (based  on  the  maximum  crossflow  velocity  w^^^ 

and  the  height  of  the  crossflow  boundary  layer  where  the  crossflow  velocity 
w  «=  0.1  Also  included  Is  the  '.Linimxjm  stability  limit  Reynolds  number 

^SL  which  all  boundary  layer  disturbances  are  damped)  as  defined  by  the 

calculations  in  Refeience  6  and  a  Reynolds  number  that  is  67  percent  greater 
than  R3L.  The  assi  -ed  distribution  of  the  nondimens ional  suction  velocity 

Vq*  for  equivalent  area  suction  is  included  in  this  figure. 

Figure  17  shows  an  apparent  break  in  the  crossflow 
development  at  the  wing  position  of  minimum  pressure  and  the  beginning  of  the 
rear  pressure  rise  at  approximately  65  percent  chord.  Due  to  the  change  in 
sign  of  the  pressure  gradient  in  this  region,  the  boundary  layer  crossflow, 
which  is  directed  inboard  in  the  region  of  decreasing  pressure,  changes  direc¬ 
tion  downstream  of  65  percent  chord  and  flows  to\»ard  the  wing  tip  in  the 
region  of  increasing  pressure.  At  the  beginning  of  the  rear  pressure  rise 
the  crossflow  profile  develops  a  double  loop,  the  stability  of  which  is,  as 
>et,  undefined.  The  crossflow  Reynolds  number  is  defined  only  in  its  absolute 
magnitude  in  ♦■his  report. 
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(a)  Boundary  Layer  Development  (Continued) 

Figure  18  Illustrates  the  devalopment  of  the  tan¬ 
gential  boundary  layer  flow  as  represented  by  the  momenttim  thickness  Reynolds 
number  R0  (based  on  local  potential  velocity  11  and  boundary  layer  momentum 

thickness  3)  and  the  shape  parameter  H  ■  6*/^*  where  f>*  »  displacement  thick¬ 
ness  of  the  boundary  layer. 

Figures  19,  20  and  21  show  the  variation  of  the 

ratio  of  the  crossflow  Reynolds  number  to  the  minimum  stability  limit 

Reynolds  nxxmber  Rg|^  along  the  chord  length  for  cr  >  0,  -1  and  +1  degrees  angle 

of  attack.  These  figures  Illustrate  the  amount  by  which  the  stability  limit 
Reynolds  number  was  exceeded  during  the  Ames  experiments  on  the  30-degree 
swept  laminar  auction  wlng^ 

Coiqiarison  of  the  calculated  trailing  edge  boundary 
layer  velocity  profile  with  the  measured  velocities  Is  given  In  Figure  22  for 
the  case  whose  boundary  layer  development  was  Illustrated  In  Figures  17  and 
18  .  In  Ta  .e  111  the  calculated  momentum  thickness  3  Is  compared  with  the 
momentum  thickness  as  determined  from  the  measured  velocity  points  for  all  the 
cases  studied  theoretically.  The  effect  of  the  boundary  layer  crossflow 
velocity  Is  not  Included  In  the  velocity  profiles  as  drawn.  Since  the  cross- 
flow  velocity,  under  the  conditions  sttviled.  Is  small  when  compared  to  the 
tangential  boundary  layer  velocity  component  (Reference  6  ),  the  resulting 
error  Is  usually  small. 

(b)  Off-Design  Suction  Inflow 

Calculations  of  the  detailed  suction  inflcv  charac¬ 
teristics  of  the  model  at  off-deslgn  conditions  were  performed  for  six  test 
points  that  represent  the  furthest  deviation  from  design  conditions*  Figure 
23  Is  a  representative  superposition  of  the  suction  chamber  pressure  coeffi¬ 
cients  on  a  plot  of  the  external  wing  surface  pressure  distribution.  Like 
figures  were  used  In  the  cases  studied  to  evaluate  the  local  suction  velocities 
for  equivalent  area  suction.  Calculations  were  performed  for  the  last  four 
chambers  In  each  case,  providing  an  adequate  illustration  of  the  effect  of  the 
off-deslgn  conditions. 


Figure  24  shows  the  variation  of  the  local  inflow 
velocity  along  the  chord  for  the  case  whose  pressure  distribution  was  Illus¬ 
trated  In  Figure  23.  Table  IV  lists,  for  this  particular  case,  the  non- 
dimensional  suction  velocity  v^*  for  equivalent  area  suction,  the  Reynolds 

numbers  Rg  of  the  flow  through  the  slots  and  the  Reynolds  numbers  R*^  of  the 

flow  through  the  metering  holes.  In  addition,  the  computed  and  measured 
suction  coefficients  Cq^  for  the  various  suction  chambers  are  listed. 

(G)  Discussion 

At  angles  of  attack  or  «  0  and  ±1®,  full  length  laminar  flow 
was  observed  on  a  30®  swept  laminar  suction  wing  In  the  NASA  Ames  12-foot 
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(G)  Discussion  (Continued) 


pressure  wind  tunnel  up  to  a  wing  chord  Reynolds  number  R^,  «  29  x  10^,  with  a 

minimum  wing  equivalent  total  drag  coefficient  «  0.00097  (including 

equivalent  suction  drag)  for  both  wing  surfaces  together  at  cr  «  1°  and 

R(.  “  28  X  10^  (Figures  11,  12and  13  )•  The  corresponding  suction  quantity 
coefficient  was  ^  »  0.00070  (for  both  wing  surfaces).  At  Reynolds  numbers 

g 

above  28  x  10  tunnel  noise,  rather  than  tunnel  turbulc^nce  seemed  to  cause 
turbulent  bursts  and  a  rising  drag  at  a  =  0  and  +1°«*  At  a  *  +1.5  and  -1.5° 
full  chord  laminar  flow  was  maintained  up  to  Rc  «=  22  X  10^  and  24  x  10  , 
respectively,  and  up  to  21  x  10^  at  cr  ■  2°.  The  drag  was  somewhat  higher  at 
these  angles  of  attack  than  at  cr  «  0  and  -1°.  At  the  lacger  negative  angles 
of  attack  the  increased  flow  acceleration  over  the  front  part  of  the  wing 
(see  chordwise  pressure  distributions.  Figure  4  )  caused  an  increarjed  span- 
wise  pressure  gradient  with  a  correspondingly  stronger  boundary  layer  cross- 
flow  in  this  area,  which  reduced  the  maximum  Reynolds  number  with  full  chord 
laminar  flow. 


At  cr  =  1,5°  the  occurence  of  a  negative  pressure  peak  close  to 
the  leading  edge  followed  by  local  flow  deceleration  probably  caused  increased 
instability  of  the  boundary  layer  against  Tollmien-Schlicting  disturbances, 
causing  transition  and  drag  rise  at  somewhat  lower  Reynolds  numbers  than  at 
Of  *  0  and  +1°, 


From  the  f&  red  plots  of  Cd  /R,  and  Cq  /r^  for  different  angles 
of  attack  and  Reynolds  numbers  (Figure  14  ),  it  can  be  seen  that  in  order  to 
maintain  laminar  flow  on  a  swept  wing  under  crossflow  conditions,  increasingly 
higher  minimum  values  of  Cq  were  required  with  increasing  Reynolds  numbers, 
as  predicted  by  theory  (Chapter  13  of  Reference  47  ),  For  this  reason  the 
drag  decreased  v;lth  Increasing  Reynolds  number  at  a  considerably  slower  rate 
than  the  laminar  friction  drag  of  a  flat  plate. 

In  order  to  maintain  full  chord  laminar  flow  at  Reynolds  numbers 
up  to  Ro  *  11  X  10^  and  a  «  0  and  1°,  no  suction  had  been  previously  required 
upstream  of  the  0.25  chord  station  (first  University  of  Michigan  experiments. 
Reference  69  ),  and  weak  suction  was  adequate  in  the  region  of  the  flat  pres¬ 
sure  distribution,  followed  by  stronger  suction  in  the  region  of  the  rear 
pressure  rise.  Wit^  increasing  Reynolds  numbers,  however,  suction  had  to  be 
applied  further  fo..>^ard  toward  the  leading  edge,  and  higher  nondimens ional 
equivalent  area  suction  velocities  v^*  were  required  over  the  whole  wing  chord 


*An  analysis  of  the  noise  level  of  the  Ames  12-foot  pressure  wind  tunnel 
(Reference  71  )  at  R^.  *  28  x  10^  and  five  atmospheres  tunnel  pressure  gave 

a  ratio  of  root  mean  square  value  of  mean  particle  velocity  to  undisturbed 

2  -4 

flow  velocity  u’  /U^  =  2.4  x  iO  due  to  acoustical  vibrations,  as  compared 
with  u’2/u^^  due  to  tunnel  turbulence  (Reference  71  ). 
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(G)  Discussion  (Continued) 


(Figure  13),  particularly  In  the  front  part  of  the  wing,  in  order  to  achieve 
full  chord  laminar  flow,  as  predicted  by  theory. 

At  greater  angles  of  attack  higher  nondlmenslonal  equivalent 
area  suction  velocities  v^*  had  to  be  applied  on  the  whole  upper  wing  surface 
and  especially  In  the  area  of  the  negative  pressure  peak  close  to  the  leading 
edge  at  or  ■  1.5^.  At  larger  negative  angles  of  attack.  Increasingly  stronger 
suction  was  necessary  In  the  area  of  the  strong  flow  acceleration  In  the  front 
part  of  the  wing  to  prevent  excessive  crossflow  Instability  In  this  area.  On 
the  other  hand,  the  rear  pressure  rise  toward  the  trailing  edge  decreased 
somewhat  at  larger  negative  angles  of  attack,  resulting  In  correspondingly 
smaller  suction  quantities  In  this  area. 

In  the  region  of  the  flat  pressure  distribution  upstream  of  the 
location  of  minimum  pressure,  the  ratio  of  crossflow  Reynolds  number  Rq  ^  to 

the  minimum  stability  limit  Reynolds  number  R^^  wa^  <?ulte  consistent  as  Reyn¬ 
olds  number  was  varied  at  a  given  angle  of  attack  (Figures  19  ,  20  and  21  ). 
In  general,  the  crossflow  Reynolds  number  was  greater  than  the  minimum  sta¬ 
bility  limit  Reynolds  ninnber  by  50  to  70  percent  In  the  nose  region  (up  to 
approximately  5  percent  In  this  case)  and  seems  to  be  Independent  of  angle 
of  attack.  Downstream  of  this  region,  between  5  and  60  percent  chord,  the 
ratio  of  the  crossflow  Reynolds  number  to  the  stability  limit  Reynolds  number 
seems  to  be  a  function  of  angle  of  attack.  At  an  angle  of  attack  o  s  0  degree 
(Figure  19  ),  R^.i  increased  until  It  exceeded  Rsl  by  approximately  100  per¬ 
cent;  at  or  a  .1  degree  the  ratio  of  Rq^^  to  Rg^  Increased  to  approximately  2.5 
(Figure  20) j  and  at  or  ■  +1  degree  Rq^j  decreased  until  It  was  approximately 

equal  to  the  stability  limit  Reynolds  number  at  the  60  percent  chord  station. 
At  the  low  wing  chord  Reynolds  number  and  angles  of  attack  or  s  o  amt  -1 
degrees,  the  trends  as  Just  described  were  surpassed  locally.  Specifically, 
at  or  a  0  degree  and  R^  «  13.9  x  10^  (Figure  19)  the  minimum  stability  limit 

Reynolds  number  R3^  was  exceeded  by  as  much  as  130  percent  over  part  of  the 

forward  portion  of  the  model,  but  this  ratio  was  reduced  by  additional  suc¬ 
tion  to  100  percent  by  the  time  the  location  of  mlnlrtum  pressure  was  reached. 
At  an  angle  of  attack  or  a  .1  degree  (Figure  20  )  and  Reynolds  number 

14.1  X  10^  the  minimum  stability  limit  Reynolds  number  was  exceeded  by  140 
percent  at  the  nose  of  the  model,  follcn^ed  by  increased  suction  which  rapidly 
reduced  the  ratio  R^  values  somewhat  below  those  achieved  at  higher 

Reynolds  numbers. 

In  the  region  of  the  model  downstream  of  the  location  of  mini¬ 
mum  pressure  there  was  no  such  systematic  variation  either  with  angle  of 
attack  or  with  wing  chord  Reynolds  number  at  a  given  angle  of  attack.  The 
majority  of  the  cases  studied  showed  an  increase  of  the  crossflow  Reynolds 
number  until  Rq  j  was  approximately  100  to  150  percent  greater  than  the  mini¬ 
mum  stability  limit  Reynolds  number  at  the  trailing  end  of  the  suction  region. 
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(G)  Discussion  (Continued) 


According  to  Table  HI  the  momentum  thickness  of  the  boundary 
layer  velocity  profiles  as  calculated  and  measured  at  the  model  trailing  edge 
agreed  fairly  closely,  in  most  cases.  However,  the  agreement  between  the 
calculated  and  measured  velocity  profiles  was  not  good  In  many  of  the  cases. 

On  the  model  the  total  pressure  rake  used  to  measure  the  final  boundary  layer 
profile  was  fitted  to  the  model  at  the  trailing  edge.  The  last  slot  was  at 
97  percent  chord  and  slot  spacing  was  0.55  percent  chord.  Thus,  the  trailing 
edge  rake  was  about  5.5  slot  spacing  lengths  aft  of  the  last  slot.  An  attempt 
was  made  to  approximate  the  effect  of  this  nonsuction  area  by  rapidly  reducing 
the  suction  aft  of  97  percent  chord  in  the  calculations.  It  can  be  seen  in 
Figures  19  through  21  that  the  effect  of  reducing  suction  in  this  area  was 
to  decrease  the  minimum  stability  limit  Reynolds  number  kgL*  fhus ,  in  the 

physical  case,  rapidly  surpassed  ^SL  to  such  an  extent  that  transition 

occurred  in  the  vicinity  of  the  wing  trailing  edge;  turbulent  bursts  were, 
in  fact,  observed  close  to  the  trailing  edge  of  the  wing  during  the  tests  in 
question  at  those  runs  near  minimum  drag. 

Figure  24  illustrates  the  "sawtooth”  suction  inflow  velocity 
distribution  (for  equivalent  area  suction)  caused  by  off-design  operation  of 
the  model  at  high  Reynolds  numbers,  and,  in  fact,  indicates  outflow  from  the 
first  slots  of  three  chambers.  The  calculations  (see  Table  IV  for  repre¬ 
sentative  results)  showed  that  the  Reynolds  numbers  (based  on  average  velo¬ 
city  through  the  slot  and  half  of  the  slot  width)  of  the  slots  at  the  aft 
end  of  the  suction  chambers  ranged  from  R^  =  65  to  92  with  the  slots  having 
Reynolds  numbers  greater  than  80  in  many  cases.  The  corresponding  hole 
Reynolds  numbers  ranged  from  Rj^  »  600  to  850 

Ir  Reference  74  (page  136),  Schiller  reports  that  vortices 
were  formed  at  the  entrance  of  a  sharp-inlet  tube  at  a  tube  Reynolds  number 

- - -  *  280,  Schiller's  experiments  were  conducted  with  water  that  had 

been  allowed  to  settle  for  several  hours  in  order  to  ensure  steady  flow  con¬ 
ditions  at  the  entrance  of  the  tube.  During  similar  tube  experiments  Davies 
and  White  (Reference  74  page  151)  "sed  strongly  disturbed  water  and  reported 
the  formation  of  similar  vortices  at  the  beginning  of  a  sharp-inlet  tube  at 
Reynolds  numbers  one-half  of  those  reported  for  Schiller's  experiments.  In 
Reference  75  Rogers  showed  that  the  flow  through  holes  of  small  length-to- 
diameter  ratio  detaches  from  the  surface  of  the  hole  at  its  inlet.  As  a 
result,  unsteady  flow  may  develop  in  the  hole  at  hole  Reynolds  numbers 
R^  =  600  to  800  for  the  range  of  length-to-diameter  ratios  of  interest,  as 

long  as  the  hole  inlet  is  sharp. 

If  it  is  assumed  that  a  slot  and  hole  of  equal  hydraulic  radius 
and  with  sharp  inlets  exhibit  similar  flow  characteristics,  the  flow  phenomena 
as  discussed  above  for  holes  will  occur  at  slot  Reynolds  numbers  Rg  (based  on 

average  slot  velocity  and  one-half  width)  equal  to  one-half  of  the  corres¬ 
ponding  hole  Reynolds  numbers  Therefore,  vortices  may  develop  at  the 

leading  edge  of  a  slot  at  a  Reynolds  number  R,^  *  75,  as  long  as  the  leading 
edge  of  the  suction  slot  is  sharp  (as  during  the  oresent  experiments). 


(G)  Discustlon  (Continued) 


Fran  the  ebove  it  appears  that  inlet  vortices  and  subsequent 
unsteady  flow  may  have:  occurred  in  the  slots  at  the  aft  end  of  the  suction 
clundtcrs  and  alnost  certainly  'n  the  holes.  The  outflow  in  the  forward 
portions  of  the  suction  chand>e^8  and  the  unsteady  flow  through  the  slots 
and  holes  at  the  aft  portion  of  the  suction  chambers  due  to  off-design 
operation  of  the  model  at  high  chord  Reynolds  numbers  may  thus  have  gener¬ 
ated  disturbances  in  the  boundary  layer,  particularly  in  the  case  of 
oversuction. 


The  results  shown  present  essentially  the  overall  development 
of  the  boundary  layer  along  the  chord,  using  equivalent  area  suction. 

Further  refii^d  calculations  would  be  required  to  evaluate  the  local  boundary 
layer  develtqnsent,  such  as  in  the  vicinity  of  the  wing  leading  edge,  etc. 

In  order  to  obtain  the  local  boundary  layer  development  fiom  slot  to  slot, 
suction  through  individual  slots  would  have  to  be  used,  taking  into  account 
sink  effects  at  the  slots. 
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CHAPTER  B.  EXPERIMENTAL  INVESTIGATION  OF  A  4-PERCEin’-THlCK  STRAIGHT 
LAMINAR  SUCTION  WING  OF  17-Fva)T  CHORD  IN  THE  NORAIR  7-  BY 
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(B)  Suinmary 


Full  chord  laminar  flow  and  very  low  wing  equivalent  total  drags 
were  maintained  on  a  A-percent-thick  unswept  suction  wing  of  17-foot  chord 
up  to  a  wing  chord  Reynolds  number  of  26  x  10”  by  means  of  suction  through  100 
fine  slots.  Without  tunnel  wall  fairings,  the  minimum  wing  equivalent  total 
drag  coefficient  for  one  wing  surface  (including  the  equivalent  suction  drag) 

was  Cn^  =  .000375  at  25  x  10^  and  o  =  0  degree  angle  of  attack;  thi¬ 

amin 

corresponding  suction  quantity  coefficient  (based  on  wing  projected  area)  was 
Cq  =  .000130.  The  maximum  wing  chord  Reynolds  ..timber  with  full  chord  laminar 

flow  was  twice  as  large  as  that  measured  in  the  same  t '.nnel  on  a  30-degree 
swept  laminar  suction  wing  of  7-foot  chord  and  was  probably  limited  by  wind 
tunnel  noise  as  well  as  by  the  number  of  suction  slots  used.  The  maximum 
attainable  wing  chord  Reynolds  number  with  full  chord  laminar  flow  was  only 
slightly  influenced  by  moderate  changes  of  the  external  pressure  distribution. 
These  changes  were  obtained  by  varying  the  angle  of  attack  and  by  putting  fair¬ 
ings  on  the  tunnel  walls  opposite  the  model.  An  increased  overall  flow  accelera¬ 
tion  along  the  wing  chord  resulted  in  somewhat  higher  wing  chord  Reynolds  numbers 
with  full  chord  laminar  flow  and,  conversely,  the  maximum  wing  chord  Reynolds 
number  with  100  percent  laminar  flow  was  somewhat  reduced  when  the  flow  was  more 
strongly  decelerated  along  the  chord,  as  compared  with  the  model  at  or  =  0  degree 
angle  of  attack  without  tunnel  wall  fairings  present. 

(C)  Notation 

c  chord  length 

CQg  =  L  Cq^  (1  -  Cpg^);  equivalent  drag  due  to  suction 

all  power  required  to  accelerate  the 

chambers  suction  air  without  losses  to 

undisturbed  velocity  and  pressure 
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(C)  Hof  t Ion  (ConCinued) 

Co|.  "  equivalent  tof  I  drag  coefficient 

^*^»in  equivalent  total  drag  coefficient 


% 

S 

®Qt 

^t 


b 

P 


a 


wake  drag  coefficient 


p  -  p. 


0, 

Pa  •  P« 


i  presaure  coefficient 


{  pressure  coefficient  of  individual  suction  chamber 
qoB  with  respect  to 

U.  S^*  suction  coefficient  of  Individual  suction  ckamber 

^  Cn  ;  tof  1  suction  coefficient 
all  ^ 
chatters 


"^P^  tof  1  dr^^°"  coefficient  corresponding  to  mlnlrouin  equivalent 

span  of  suction  chamber 
static  pressure,  with  respect  to  p 
static  pressure  in  suction  chamber,  with  respect  to  p 

•  flO 

undisturbed  freestream  static  pressure 
2 


P<»  ^  undisturbed  freestream  d3mamlc  pressure 

suction  quantity  of  each  suction  chamber 


P,  c 

*  Reynolds  number  based  on  chord 


s 

Sc 

u 

U 


area  of  test  portion  of  model 
*  b  •  c 

boundary  layer  velocity  at  height  y 
velocity  at  outer  edge  of  boundary  layei 
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(C)  Notation  (Continued) 


Ug,  velocity  of  flow  at  infinity 

Vq  equivalent  area  suction  velocity 

*  ^o 

Vq  “  ?7“  '^^c*  nondiitiensional  equivalent  area  suction  velocity 

QD 

X  distance  along  chord 

y  distance  normal  to  surface  of  model 

Y  model  ordinate 

01  angle  of  attack 

p  density 

M>  absolute  viscosity 

(D)  Introduction 


In  connection  with  the  application  of  low  drag  boundary  layer  suc¬ 
tion  to  large  airplanesi  the  question  arises  concerning  the  feasibility  of  full 
chord  laminar  flow  on  the  wings  of  such  airplanes  at  high  Reynolds  nianbers  by 
means  of  boundary  layer  suction.  According  to  theory  (Reference  ^7),  suction 
will  increase  the  stability  limit  Reynolds  ntnnber  of  the  boundary  layer  and 
reduce  the  amplification  of  oscillations  introduced  into  the  boundary  layer; 
at  the  same  time  its  thickness  is  reduced.  As  a  result  the  application  of  area 
suction  should  enable  full  length  laminar  flow  to  very  high  length  Reynolds 
numbers  (Reference  47 )»  provided  external  disturbances  due  to  turbulence, 
sound,  etc.,  are  minimized.  How  far  the  stability  limit  Reynolds  number  of 
the  boundary  layer  can  be  exceeded  without  transition  to  turbulent  flow  is 
critically  dependent  on  the  magnitude  of  the  external  disturbances.  Theories 
describing  the  growth  of  boundary  layer  oscillations  (Reference  1)  give  an 
improved  physical  insight  into  the  phenomena  leading  to  transition. 

In  order  to  verify  how  effective  area  suction  is  in  maintaining 
full  chord  laminar  flow  at  high  Reynolds  numbers  in  the  absence  of  large  exter¬ 
nal  pressure  gradients,  a  4-percent-thlck  synrietrical  straight  laminar  suction 
wing  of  17-foot  constant  chord  and  7-foot  span  was  investigated  in  the  Noratr 
7-  by  10-foot  low  turbulence  wind  tunnel, 

(E)  Experimental  Setup 

Tt)e  airfoil  selected  was  a  4-percent- thick  symmetrical  section 
Interpolated  between  a  biconvex  wing  and  an  NACA  66-004  airfoil  in  such  a 
manner  that  the  test  section  closely  resembles  a  biconvex  wing.  A  large  wing 
chord  of  17  feet  was  chosen  in  order  to  achieve  high  wing  chord  Reynolds  num¬ 
bers  at  relatively  low  tunnel  speeds  and  correspondingly  reduced  external 
disturbances  from  tunnel  turbulence  and  sound.  The  maximum  permissible  wing 
chord  (17  feet)  was  dictated  by  the  length  of  the  wind  tunnel  test  section 
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(E)  Experimental  Setup  (Continued) 

and  by  the  spread  of  the  turbulent  wedges  on  the  wing  on  both  sides  of  the 
model  test  area.  The  span  of  the  vertically  mounted  wing  was  seven  feet. 

A  thin  wing  (4-percent»thickness  ratio)  was  selected  in  order  to 
minimise  chordwise  pressure  gradients  on  the  test  surface  during  the  first  phase 
of  the  investigation.  Figure  23  shows  the  cross  section  of  the  wing  with  details 
of  the  suction  system.  During  the  second  phase  fairings  of  various  shapes 
(contour  and  coordinates  of  the  fairings  are  shown  in  Figure  28  and  Table  Vll  ) 
were  inserted  on  both  side  walls  of  the  wind  tunnel  test  section  In  the  region 
of  the  test  wing  to  Increase  the  chordwise  pressure  gradients  on  the  model. 

The  minimum  pressure  peaks  on  the  wing  with  fairings  numbered  I  and  2  were  located 
at  approximately  45  and  20  percent  of  the  wing  chord,  respectively.  Figure 
35  compares  the  chordwise  pressure  distributions  at  an  angle  of  attack 
o  =  0°  46  measured  during  the  tests. 

Area  suction  was  closely  approached  by  means  of  suction  through 
100  fine  sl.^ts  located  from  I  to  97.2  percent  of  the  wing  chord  in  the  lami- 
narized  test,  area  outside  the  turbulent  wedges  on  the  wing,  originating  from  the 
junctures  b-3t%feen  the  wing  leading  edge  and  the  tunnel  floor  and  ceiling 
(Figure  26  ).  The  span  of  the  slots  decreased  from  77.4  inches  for  slot  I  to 
15.2  inche*  for  slot  100,  close  to  the  wing  trailing  edge. 

The  suction  air  was  ducted  through  the  slots,  cut  into  a  thin 
outer  skin  which  was  bonded  to  a  thicker  inner  skin,  into  spanwise  grooves  and 
through  metering  holes  (drilled  through  the  inner  skin)  into  16  suction  chambers 
(Figure  25)  and  through  flow  measuring  nozzles  and  tubes  into  a  comnon  suction 
box  and  finally  to  the  suction  compressor.  The  suction  quantities  of  the  various 
chambers  could  be  adjusted  individually  by  means  of  needle  valves  at  the  entrance 
to  the  comnon  suction  box.  The  total  rate  of  suction  could  be  varied  by  chang¬ 
ing  the  rpm  of  the  suction  compressor.  In  addition,  bleed  air  could  be  ducted 
into  the  common  suction  box  to  change  the  overall  suction  quantity  and  avoid 
surge  of  the  suction  compressor. 

The  design  of  the  suction  system  was  based  on  boundary  layer 
calculations  with  suction,  using  Raetz*s  method  (Reference  70),  for  a  design 
wing  chord  Reynolds  number  R^.  ”  25  x  10^  at  Qf  =  0.25  degree  angle  of  attack, 
with  the  chordwise  pressure  distribution  as  calculated  by  Theodorsen's  method 
(Reference  80).  At  or  s  0.25  degree  the  occurrence  of  a  slight  negative  pres¬ 
sure  peak  close  the  the  wing  leading  edge  required  suction  forward  to  I  percent 
of  the  wing  chord  to  avoid  laminar  separation  and  transition  in  the  front  part 
of  the  wing.  In  the  region  of  the  rather  flat  pressure  distribution  from 
approximately  5  to  60  percent  chord  relatively  weak  suction  was  found  to  be  adequate 
to  maintain  laminar  flow  with  suction  slots  of  approximately  2  percent  chord 
spacing  and  0.004-  to  0.005-inch  width.  In  the  region  of  the  rear  pressure 
rise  downstream  of  60  percent  chord  increased  suction  is  necessary  to  avoid 
premature  transition  in  this  area,  requiring  more  closely  spaced  slots  of 
0.005-  to  0.008-inch  width. 
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(F)  Measurements  and  Evrluatlon 


The  objective  of  this  Investigation  was  the  study  of  the 
behavior  of  the  laminar  boundary  layei  at  high  Reynolds  numbers  on  a  thin 
laminar  suction  wing  with  suction  through  many  fine  slots  and  the  determl* 
nation  of  the  drag  characteristics  and  suction  requireiMnts  of  this  wing  (with 
and  without  tunnel  wall  fairings)  at  various  angles  of  attack  O'  and  wing  chord 
Reynolds  numbers  R(^*  For  the  various  Reynolds  numbers  and  angles  of  attack 
the  suction  quantities  were  varied.  The  following  measurements  were  made. 

The  pressure  drop  across  calibrated  flow  measuring  notsles 
located  at  the  downstream  end  of  the  various  suction  chambers  vras  measured  to 
evaluate  the  suction  quantities  Qg  of  the  various  suction  chambers.  The  cor¬ 
responding  chamber  static  pressures  were  taken  at  the  downstream  end  of  the 
suction  chambers.  The  boundary  layer  profile  at  the  wing  trailing  edge  was 
measured  by  means  of  a  trailing  edge  rake,  consisting  of  twelve  flattened 
total  pressure  tubes,  and  by  a  static  pressure  orifice  located  at  the  same 
chord  station  but  displaced  by  0.5  inch  in  spanwise  direction.  The  chordwise 
pressure  distribution  was  recorded  by  means  of  twenty-six  static  pressure 
orifices  located  from  0.2  to  99.75  percent  chord.  In  order  to  provide  suffi¬ 
cient  test  points  in  the  front  part  of  the  wing  at  angles  of  attack,  six  ori¬ 
fices  were  located  within  the  first  4  percent  of  the  wing  chord. 

The  state  of  the  boundary  layer  in  the  test  area  was  observed 
by  means  of  microphones,  connected  to  the  various  wall  static  pressure  ori¬ 
fices,  and  from  the  boundary  layer  measurements  at  the  wing  trailing  edge. 

The  static  pressures  in  the  measuring  nozzles,  suction  chambers 
and  on  the  external  wing  surface  were  displayed  on  a  first  U-tube  manometer 
panel.  The  trailing  edge  readings  (total  and  static  pressures)  were  recorded 
on  a  second,  separa  e  U-tube  manometer  board.  In  this  manner  fluctuations  of 
the  trailing  edge  total  pressures  did  not  Influence  the  remaining  pressure 
readings.  The  pressure  data  were  recorded  photographically  on  /O-mm.  micro- 
file  film,  which  was  then  read  on  an  automatic  film-reading  machine.  The 
final  recording  w;i~  on  keypunched  cards  suitable  for  use  on  an  IBM  704  digital 
computer. 


The  undisturbed  freestream  static  and  dynamic  pressures  p  and 

00 

q^,  for  the  wing  without  tunnel  wall  fairings,  were  evaluated  from  calculations 

1  of  the  tunnel  wall  corrections  (Reference  81  ).  In  the  case  of  the  model  with 
fairings  a*,  arbitrary  minimum  static  pressure  coefficient  was  specified 

on  the  model  at  the  location  of  minimum  pressure.  The  pressure  distribution 

would  then  correspond  to  that  around  a  thicker  airfoil,  p  and  q  were  then 

00  00 

evaluated  from  and  the  freestream  total  pressure  in  the  test  section  of 

the  tunnel. 


From  the  measured  suction  quantities  Qg  in  the  various  suction 


chambers  the  suction  quantity  coefficients  Cq^ 


Qa 


U  b  c 

CO 


of  the  Indlv^ldual 
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(F)  Hcasurments  and  Eval^tatton  (Continued) 


chambers  arei  the  total  suction  quantity  coefficient  Cq^  »  Z  Cq^  were 

all 

chambers 

evaluated.  With  the  nond linens lonal  coefficient  of  the  pressure  rise  across 
the  suction  cosmressor  Cp»  *  (p.  «  p  )/q  to  accelerate  the  suction  air  Isen- 

tropically  to  freestream  velocity  and  pressure  the  equivalent  suction  drag  coeffi¬ 
cient  Is 


E  C 
all 

chambers 


Qa 


(1  - 


’8a 


). 


The  wake  drag  coefficient  was  evaluated  from  the  measured  momentum  thickness 
of  the  boundary  layer  at  the  wing  trailing  edge  according  to  Squire  and 

Young: 


2  0  2  Uw 

"w  c  c 


H+2 


where  H  is  the  value  of  H  ■  (-^)  in  the  wake  between  the  trailing  edge  and 
infinity;  Hj-g  ^  1.4  and  1.0  shortly  downstream  of  the  wing  trailing  edge  and 
at  inflnlfy,  respectively)  so  that  H  -h  2  «  3.2  and 


-Dw 


2  Ute 


The  equivalent  total  drag  coefficient  of  the  wing  is.  then. 


COt  “  ^Ds* 

(G)  Experimental  Results 

The  pressure  distributions  of  the  basic  model  in  the  wind  tunnel 
with  no  fairings  on  the  walls  are  given  in  Figures  29  and  30  .  The  pre?;sure 
distributions  for  the  case  of  the  model  with  Fairing  Ninnber  1  installed  on  the 
wind  tunnel  walls  are  given  in  Figures  31  and  32  and  comparable  information 
for  the  case  of  the  model  with  Fairing  Number  2  is  given  in  Figures  33  and 
34,  In  Figure  35  the  pressure  distributions  at  an  angle  of  attack  a  s  0^*  are 
shown  for  the  three  cases  studied  to  allow  &  comparison  between  them. 

Figures  36  through  42  present  representative  examples  of  the 
variation  of  the  equivalent  suction  drag  coefficient  Cq^,  wake  drag  coefficient 

and  equivalent  total  drag  coefficient  as  functions  of  total  suction 

volume  coefficient  The  figures  were  all  chosen  from  the  case  of  the  model 

v;lth  no  fairing  but  illustrate  the  behavior  cf  these  parameters  in  the  other 
cases  as  well. 
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(G)  Experimental  Results  (Continued) 


The  variation  of  the  minimum  equivalent  total  drag  coefficient 
Cq  (including  equivalent  suction  drag)  and  the  corresponding  suction  coef- 
nin 

ficient  for  minimum  equivalent  total  drag  with  wing  chord  Reynolds  number 

Rc  at  given  angles  of  attack  a  are  shw^n  in  Figures  43  and  44  ,  respectively, 
for  the  case  of  the  model  with  no  fairing.  For  the  case  of  the  model  with 

Fairing  Number  1  installed,  the  variations  of  Cn^  and  i-iith  R  are  given 

*Tnin  ^pt  c 

in  Figures  45  and  46  .while  for  the  case  of  the  model  with  Fairing  Number  2 
installed  the  same  information  is  given  in  Figures  47  and  48  . 

In  Figures  49  through  55  are  shown  representative  chordwise 
distributions  of  the  nondimensional  suction  velocity  v^*  for  equivalent 

area  suction.  The  distributions  shown  were  computed  from  the  suction  quantities 
of  the  test  points  closest  to  minimum  equivalent  total  drag  coefficient  Cq,.  . 

it 

Figures  49  .  50  and  51  show  the  v^  distributions  for  the  three  cases  studied 

(basic  model  and  with  Fairings  Number  1  and  2)  at  an  angle  of  attack  of  =  0°  and 
for  several  chord  Reynolds  numbers  R  .  In  Figures  52  .  53  and  54  the  v 

w  w 

distributions  are  shot^n  at  a  given  Reynolds  number,  R^.  21  x  10^,  and  for 

it 

several  angles  of  attack  o.  Finally,  the  v^  distributions  of  the  three  models 

at  the  angle  of  attack  o  =  0°  and  Reynolds  number  21  x  10^  are  compared  in 

Figure  55  .  This  illustrates  the  differences  of  suction  velocity  distribution 
required  by  the  different  pressure  distributions  of  the  three  cases. 

Boundary  layer  velocity  profiles  as  measured  at  the  trailing  edge 
of  the  test  model  under  the  three  conditions  studied  are  presented  in  Figures 
56  through  63  for  varying  Reynolds  numbers  at  an  angle  of  attack  or  =  0®.  The 
boundary  layer  velocity  profiles  of  Figures  56,  57,  and  58,  correspond  to  the  suc¬ 
tion  velocity  Vq*  distributions  of  Figures  49,  50,  and  51,  respectively. 

In  order  to  illustrate  the  effect  of  increasing  suction  at  a  given 
angle  of  attack  '''  and  Reynolds  number  on  the  trailing  edge  boundary  layer 

velocity  profiles,  selected  series  of  test  points  were  chosen  from  the  case  of 
the  test  with  FairiVig  Number  2.  These  velocity  profiles  are  shown  in  Figures 
59  through  63  . 

(H)  Discussion 

( 1 )  Bas^ c  Model 


At  an  angle  of  attack  o'  =  0  degree  full  chord  laminar  flow 
v;as  maintained  up  to  a  wing  chord  Reynolds  number  R^  of  approximately  28  x  10^ 
(Figrres  43  and  44),  At  this  Reynolds  number,  however,  external  disturbances 
(tinnel  turbulence  and  noise)  were  of  sufficient  magnitude  to  cause  turbulent 
hirsts.  As  a  result,  increased  suction  quantities  were  required  to  maintain 
extensive  laminar  flov;  and,  as  a  consequence,  the  equivalent  total  drag  coef¬ 
ficient  v;as  %<.b'.'tantially  higher  than  the  minimum  at  this  angle  of  attack. 
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(H)  Discus t Ion  (Continued) 


Hlnlout  equivalent  total  drag  coefficient  at  an  angle  of 
attack  or  ■  0  degree  occurred  at  a  Reynolds  number  <■  26  x  10^ »  the  equiva¬ 
lent  total  drag  coefficient  (Imludlng  equivalent  suction  drag) 

**  X  10*^  being  achieved  at  a  total  suction  coefficient 

Tsln 


A 

Cq  <■  1,3  X  10*  (for  one  wing  surface).  Negative  angles  of  attack  exhibited 

mL 

progressively  lower  drag  coefficients ,  the  lowest  being  Cn  «  3.07  x  10  at 

6  *4  ^In 

Rg  <■  28  X  10  and  ■  0.9  x  10*  for  an  angle  of  attack  cf  »  -1,5  degrees. 


Due  to  the  very  stiall  leading  edge  radius  of  the  model 
(R  •  0.05  Inch),  a  negative  pressure  peak  was  present  at  the  leading  eege  of  ths 
rwdel  for  all  positive  angles  of  attack  Investigated  (chordwlse  pressure  distri¬ 
butions  are  shown  In  Figures  29  and  31  ).  At  an  angle  of  attack  o  «  0.26 
degree  a  pressure  rise  of  0.19S  q  was  prerent  over  the  first  4  percent  chord. 

CD 

At  Of  <■  0.4  d^pree  and  0.5  degree  this  front  pressure  rise  increased  to  0.276  q 

00 

and  0.377  q^,  respectively.  With  suction  applied  from  1  percent  chord,  full 
chord  lawlnar  flow  was  aialntalned  at  an  angle  of  attack  a  «  o.26  degree  up  to  a 
Reynolds  nuRd>er  R^  •  25.5  x  10^  with  «  4,0  x  10"^  and  CQ^p^  »  1.45  x  10* 

The  strong  negative  pressure  peak  limited  the  maximum  attainable  Reynolds  number 
with  full  chord  laminar  flow  to  R^  «  23.5  x  10^  for  o  e  o.4  degree  and 

R^  «  11  X  10^  for  Of  m  0.5  degree. 

(2)  Model  with  Fairing  Number  1 

Compared  with  the  basic  model,  Fairing  Number  1  Induced  more 
highly  accelerated  flow  over  the  forward  portion  of  the  model,  followed  by 
stronger  decelerated  flow  over  the  aft  portion  of  the  model  and  a  lower  overall 
pressure.  From  Figures  45  and  46  the  ninlimim  equivalent  total  drag  coeffi¬ 
cient  (Including  equlvaj^ent  suction  drag)  at  an  angle  of  attack  or  s  0  degree 

uac  ■  4,15  X  10*  at  a  Reynolds  number  R^  ■  26  x  10^  and  a  suction  coef¬ 
ficient  ■  1»65  X  10’^  (for  one  wing  surface).  Overall  equivalent  total 

drag  level  was  10  percent  greater  than  that  of  the  basic  model.  The  incteased 
equivalent  total  drag  results  from  additional  suction  requirements  necessary  to 
stabilise  the  boundary  layer  in  the  region  of  the  increased  flow  deceleration 
tliat  are  not  conq>en6ated  for  by  the  decreased  requirements  In  the  region  of 
stronger  flow  acceleration.  In  addition,  the  reduced  static  pressure  level  on 
the  surface  of  the  model  reduces  the  suction  chamber  pressures,  which  increases 
the  equivalent  suction  drag  coefficient. 

At  an  angle  of  attack  or  *  0.26  degree  the  maximum  Reynolds 
number  attained  was  24  x  10°,  and  at  an  angle  of  attack  or  ■  0.4  degree  the 
maximum  Reynolds  number  was  «  13  x  10^.  The  local  pressure  rises  in  the 

region  of  the  nose  at  o  ■  0,26  and  0.4  degree  were  0,185  q  and  0.295  q  , 
respectively.  * 


(K)  Discussion  (Continued) 


Model  with  Fairing  rlumber  2 


Fairing  Number  2  was  designed  to  Induce  a  flat  or  adverse 
pressure  gradient  over  as  long  a  portion  of  the  model  chord  as  possible.  Com¬ 
pared  with  the  pressure  gradients  Induced  by  Fairing  Number  1  (see  Figure  35  ), 
the  adverse  pressure  gradient  over  the  aft  50  percent  of  the  model  was  similar. 
I!ov;ever,  In  the  region  from  20  to  50  percent  chord  the  pressure  was  constant 
or  slightly  Increasing,  whereas  with  Fairing  Number  1  the  pressure  In  this  area 
v;as  decreasing.  From  Figures  47  and  48  it  is  apparent  that  the  effect  of  the 
increased  region  of  constant  or  Increasing  pressure  was  to  limit  the  maximum 
attainable  Reynolds  nimber  slightly  and  to  increase  the  total  drag  coefficient 


by  approximately  five  percent.  At  an  angle  of  attack  or  *  0  degree  the  maximum 
attainable  Reynolds  number  was  *  23.5  x  10^.  Minimum  equivalent  total  drag 
coefficient  *  4.7  x  10“^  occurred  at  a  Reynolds  number  of  approximately 

R.  »  21  X  10^. 


At  an  angle  of  attack  a  »  0.26  degree  the  shape  of  the 

Cj3  vs  Rg  curve  Is  similar  to  that  of  the  other  angles  of  attack  and  thus 
Tnln 

’:he  effect  of  the  nose  pressure  peak  Is  not  as  apparent  as  In  the  other  cases. 
At  an  angle  of  attack  Of  »  0.4  degree  minimum  drag  occurred  at  a  Reynolds  number 

Ilj.  =  13  X  10^,  The  pressure  rise  downstream  of  the  minimum  pressure  peak  close 
to  the  leading  edg?  was  0.23  for  a  «  0.26  degree  and  0.3  q  for  or  *  0.4 
degree.  ”  " 
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CHAPm  C.  IHVEST1CAT1C»IS  Qg  A  30^  SWEPT  AND  A  17-FOOT  CHORD  STRAIGHT  SUCTION 
tflHG  IK  THE  gtESSNCE  OT  I^TTERNAL  SOUND.  EXTERNAL  SOUND.  AND 
MEOjANICiO.  VIBRATIONS 

J.  W.  Bacon,  Jr. 

K.  Ffenningar 
C.  R.  Moore 


A  4-percant* thick  attaint  lasinar  auction  ving  of  17-foot  chord 
and  a  10*  Mapt,  12-pare«Rt- thick  laainar  auction  irt.ng  of  aavan-foot  chord  vara 
invaatigatad  in  tha  Noiair  7-  bf  I0«foot  low  turbulanca  wind  tunnal  at  o  «  0* 
angla  of  attack  in  tha  praaaaca  cl  axtamal  aound  (longitudinal  and  tranavaraa 
aound  fttwaa)*  Tha  4  parcaat-thick  atxaight  wing  waa  teatad,  in  addition,  with 
intamal  aouaxl  and  panel  vibration.  Tha  axtamal  and  intamal  aound  conaiatad 
of  diacrata  frequanciaa  and  octava  banda  of  randon  noiaa  in  tha  ISO  to  4000  epa 
fratpiancy  range,  lAtila  tha  vibration  fraquanciaa  ware  100,  190,  and  1240  cpa. 

Tha  critical  aound  praaaura  or  panel  vibration  at  tranaition  could  be  incraaaad 
coaaidarid»ly  by  incraacing  tha  auction  quant itiaa  aithar  aa  a  whole  over  the 
antira  ving  chord  or  in  the  area  critical  to  tha  applied  diaturbanca.  Fron  tha 
atandpoint  of  total  auction  ^lantity  and  drag,  it  waa  nuch  nora  economical  to 
incraaaa  dwetion  locally  in  t^a  region  wiMre  tranaition  occurred. 

Tha  atraight  «rlng  ahowad  a  frequency  dapandanca  of  tranaition  %rith 
axtamal  aound  that  corralataa  with  tha  atability  theory  for  aaplifiad  Tollalen- 
Schlichting  oacillat.ona* 

On  tha  awapt  laminar  auction  ving  under  tha  influence  of  axtamal 
aound,  however,  tranaitimi  occurred  over  a  wide  range  of  frequanciaa.  In  the 
praaaaca  et  open  aurfaca  cavitiaa,  aucb  aa  nonaucking  open  alota,  atatic  praa¬ 
aura  orificaa,  or  iiq>arfactly  aaalad  alota,  tha  critical  aound  praaaura  at 
tranaition  waa  reduced  conaidarably,  particularly  at  higher  aound  frequanc4.a8. 

For  tha  awapt  wing  in  amooth  condition  tha  critical  aound  particle 
velocity  ratio  at  tranaition  generally  dacraaaad  at  a  aonavhat  alower  rata  than 
invaraaly  proportional  ^  tha  wing  chord  Raynolda  number.  In  tha  praaanca  of  open 
aurfaca  cavitiaa,  however,  or  with  marginal  auction  tha  critical  aound  particle 
velocity  ratio  for  tranaition  often  dacraaaad  at  a  much  faatar  rata  with  incraaa- 
ing  Raj^lda  ma^r. 

Naphthalene  aubUmatim  picturaa  of  tranaition  with  axtamal  aound 
on  tha  atraight  wing  had  two-inch  wider  atraaka,  tha  typical  pattern  for  break¬ 
down  of  laminar  flow  on  a  flat  plate  (Rafaranca  33).  For  the  awapt  wing,  naph¬ 
thalene  aublimation  picturaa  with  axtamal  aound  ahowad  that  tranaition  generally 
occurred  in  tha  ragiMt  of  tha  flat  praaaura  diatrlbution  and  waa  uaually  prace^lad 
by  tha  formatiem  of  cloaaly  apacad  chordwiaa  atriationa,  indicating  tha  praaanca 
of  chordwiaa  dia^rbanca  vorticaa  in  tha  praaanca  of  axtamal  aound.  TIm  forma¬ 
tion  of  thaaa  vorticaa  car*  probably  be  explained  by  tha  fact  that  tha  external 
diaturbancaa  mipariapoaad  cm  tha  croaaflow  bemndary  layar  in  tha  praaanca  of 
external  aound  are  of  auch  a  large  magnitude  (aa  compared  with  tha  mean  croaaflow 
velocity)  that  tha  atability  liadt  Raynolda  nui^r  of  tha  boundary  layar  croaa¬ 
flow  in  tha  area  of  tha  flat  praaaura  diatribution  ia  reduced  to  conaidarably 
lower  valuaa,  aa  coaq^rad  with  tha  caaa  of  infinitely  anall  external  diaturbancaa. 
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Suwarv  (contliwed) 


Hot  tflre  •eaturoMfita  on  the  ewept  %rl(^  verified  a^>lified  boundary  layer  oacil- 
lationa  in  the  region  of  the  flat  preaaure  diatribution  which  appear  eufficiently 
strong  to  reduce  appreciably  the  crossflow  stability  liait  Reynolds  nuaber  in  the 
presence  of  strong  external  sound  fields. 

When  the  chordwise  flow  in  the  boundary  layer  in  the  front  part 
of  the  wing  was  not  too  stable,  the  swept  wing  exhibited  a  siailar  streak  pattern 
at  transition  in  the  flat  pressure  distribution  area  as  the  straight  4-percent- 
thick  wing  in  the  presence  of  external  sound.  Even  when  the  two-diaensional 
breakdown  pattern  appeared  on  the  swept  wing,  the  closely  spaced  striations  were 
also  evident  in  the  transition  region. 

(B)  Notation 

c  wing  chord 

equivalent  suction  drag  coefficient 

wake  drag  coefficient 
equivalent  wing  profile  drag  coefficient 
Cp  -  (p-p«)/q«. 

Cq  suction  quantity  coefficient 

f  sound  frequency  (cycler  per  secmd,  cps) 

H  «  6*/0 

p  static  pressure  on  external  wing  surface  with 

respect  to  the  ambient  static  pressure  p„ 

static  pressure  in  suction  chamber  with  respect  to  p^ 

P  2 

^  Ugg,  undisturbed  dynamic  pressure 
0^  suction  quantity 

Rc  wing  chord  Reynolds  number 

2 

SPL  sound  pressure  level  (decibel),  0  db  0.0002  dyne/cr* 

s'  internal  sound  disturbance  velocity 

u',  v',  w*  external  sound  disturbance  velocities  in  x-,  y-,  and 

z-directlons,  respectively  (v*  also  is  peak  velocity 
of  vibration  skin  panel) 
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(B)  Notation  (continued) 


I 


U  local  potential  flow  velocity 

undisturbed  velocity  at  infinity 


auction  velocity  for 


U.  ^ 


equivalent  area  suction 


X  coordinate  in  undisturbed  flow  direction 

y  coordinate  normal  to  the  wing  surface 

z  coordinate  in  spanwise  direction  normal  to  the 

direction  of  the  undisturbed  flow 

a  angle  of  attack 

dr  *  ^TTf,  angular  frequency  of  sound  or  disturbance 

5*  boundary  layer  displacement  thickness 

6  boundary  layer  momentum  thickness 

(C)  Introduction  and  Formulation  of  the  Problem 

Boundary  layer  transition  under  the  influence  of  external  sound 
«nis  reported  in  References  48,  83  and  84.  In  the  presence  of  sound  from  a  loud¬ 
speaker  Schubauer  and  Skrams^ad  (Reference  48)  observed  amplified  oscillations 
in  the  laminar  boundary  layer  rf  a  flat  plate  at  R^*  «  1200  to  2800,  leading  to 

premature  transition  with  the  proper  combination  of  sound  intensity  and  frequency. 

In  general,  the  maxiaiun  aiqilification  of  the  boundary  layer  oscillations  on  the 
flat  plate  in  the  presence  of  external  sound  occurred  in  the  vicinity  of  the 
upper  branch  of  the  neutral  stability  curve.  On  a  glider  wing  with  boundary 
layer  suction  through  a  peforated  surface  Carmichael  and  Raspet  (Reference  83) 
observed  amplified  boundary  layer  oscillations  and  premature  transition  in  flight 

at  R^  ■  1.3  to  3  X  10^  under  the  inf 1 rence  cf  external  sound  from  a  loudspeaker 

when  its  frequency  coincided  with  that  of  the  amplified  boundary  layer  oscillations. 
Similar  resuKa  have  been  published  by  the  NLL  (Reference  84  )  at  wing  chord  Reyn¬ 
olds  numbers  ^  10^.  During  low  drag  suction  experiments  on  a  13-percent-thick 

slotted  low  drag  suction  wing  in  the  NA(^  TDT  tunnel,  the  second  author  observed 

£ 

a  considerable  increase  in  wake  drag  at  R^  *  16.3  x  10  with  optimum  suction  for 

minimum  drag  wiien  a  blowdown  tunnel  was  started  in  the  vicinity  of  the  TDT  tunnel 
(Reference  n).  lower  wing  chord  Reynolds  numbers  (R^  ^  13  x  10^)  the  sound 
from  the  blowdown  tunnel  no  longer  affected  transition  on  the  model.  It  appeared 
that  the  noise  from  this  blowdown  tunnel  caused  transition  on  the  rear  part  of 
the  wing,  resulting  in  a  correspondingly  higher  wake  drag,  when  the  suction  model 
was  tested  close  to  the  maximum  wing  chord  Reynolds  number  with  full  chord  laminar 
flow. 
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(C)  Introduction  and  FonHulatlon  of  the  Problea  (continued) 


Afterburner  operation  during  flight  sxperiraenta  on  an  F>94  wing 
glove  with  suction  through  many  fine  slots  generally  caused  premature  transition 

beyond  R^.  »  30  x  10^  wing  chord  Reynolds  number  (Reference  ti5).  Noise  from  the 

propulsion  system  and  possibly  from  the  turbulent  boundary  layer  of  the  fuselage 
may  have  been  partially  responsible  for  the  fact  that  laminar  flow  could  not  be 
maintained  on  the  F-94  glove  in  the  nonsuction  region  from  the  leading  edge  to 
the  40  percent  chord  station  at  lift  coefficients  beyond  Cl  0.37  (Reference  ii3). 
From  transition  experiments  on  three-dimensional  bodies,  flat  plates  ard  wings 
in  the  Ames  12-foot  low  turbulence  pressure  tunnel,  NASA  Asms  concludjc  that 
acoustical  disturbances  were  primarily  responsible  for  transition  in  this  tunnel 
(Reference  71).  Similarly,  the  maximum  wing  chord  Reynolds  number  %rith  full  chord 
laminar  flow  on  a  30^  swept  low  drag  suction  t^ng  in  the  Ames  12-foot  pressure 
tunnel  was  partially  limited  by  acoustical  disturbances  in  this  tunnel  (Refer¬ 
ence  9).  During  transition  experiments  in  the  inlet  length  of  laminar  flow 
tubes,  the  second  author  observed  premature  transition  when  standing  waves  in 
f.he  tube  were  induced  by  the  exhaust  noise  of  Diesel  truck  engines  (Refeience  86). 

Boundary  layer  oscillations  on  the  wetted  surfaces  of  a  low  drag 
suction  airplane  under  the  influence  of  external  sound,  generated  by  the  airplane 
itself,  can  be  sufficiently  amplified  to  cause  transition  at  high  Reynolds  num¬ 
bers.  The  noise  from  a  low  drag  suction  aii^ilane  can  originate  from  the  jet 
exhaust  and  the  rotating  components  of  its  propulsion  system,  including  the  drive 
system,  as  well  as  from  the  turbulent  boundary  layer  of  the  nonlaminarized  areas. 
The  noise  spectrum  of  the  rotating  components  of  the  propulsion  system,  such  as 
the  main  engine  compressor  and  turbine,  the  ducted  fan  and  suction  compressor, 
largely  consists  of  peaks  of  discrete  frequencies.  In  contrast,  the  jet  exhaust 
and  turbulent  boundary  layer  noise  has  a  continuous  spectrum  ("white"  noise). 

The  question  then  arises  concerning  the  permissible  so^tnd  >'res8ure  level  with 
laminar  flow  and  the  mechanism  of  transition  on  laminar  suction  surfaces  in  the 
presence  of  external  sound  with  discrete  frequencies  and  with  a  continuous  spec¬ 
trum.  In  view  of  the  advantages  of  swept  wings  at  high  subsonic  speeds,  a 
designer  of  a  high  subsonic  speed  low  drag  suction  airplane  will  be  particularly 
interested  in  the  behavior  of  swept  laminar  suction  %dng8  under  the  influence  of 
external  sound  and  ii.  methods  which  enable  full  chord  laminar  flow  on  swept  suc¬ 
tion  wings  at  further  increased  sound  pressure  levels.  At  the  same  time,  the 
investigation  of  a  straight  wing  in  the  presence  of  external  sound  fields  is 
required  for  a  clear  understanding  of  the  swept  wing  results. 

The  question  then  arises  in  what  manner  disturbances  from  external 
sound  influences  the  boundary  layer  on  straight  and  swept  laminar  suction  wrings. 

On  straight  wings  the  chordwise  component  and  on  swept  wings  both  the  chordwise 
component  and  the  crossflow  component  of  the  boundary  layer  flow  can  become 
unstable  under  the  influence  of  external  disturbances.  As  a  result,  disturbance 
vortices  in  the  laminar  boundary  layers  of  low  drag  suction  wings  can  develop  in 
chordwise  direction  for  both  straight  and  swept  wings  and  in  the  crossflow  direc¬ 
tion  normal  to  the  potential  flow  streamlines  for  swept  wings.  These  disturbance 
vortices  are  then  oriented  essentially  along  the  wing  span  and  wing  chord,  respec¬ 
tively.  According  to  experimental  observations  (Reference  87),  the  crossflow 
disturbance  vortices  are  stationarv  with  respect  to  the  swept  wing  in  the  region 
of  the  flat  pressure  distribution.  In  the  region  of  the  rear  pressure  rise,  how¬ 
ever,  they  travel  in  the  direction  of  the  boundary  layer  crossflow  with  a  finite 


(C)  XotrodiiCtlop  and  Porilmtloo  of  th*  Problea  (continued) 


wave  velocity  (Roferoneo  69).  At  high  wlqg  chord  Reynolds  nuabers  the  behavior 
of  the  laninar  boundary  layer  on  a  swept  low  drag  suction  wing  is  generally 
critically  Influenced  by  the  dynanlc  Instability  of  the  boundary  layer  crossflow, 
particularly  in  the  region  of  the  rear  pressure  rise  where  the  boun^ry  layer 
crossflow  Is  nost  pronounced.  The  chord%fiae  conponent  of  the  boundary  lay<ir  in 
the  rear  part  of  the  swept  wing  is  usually  highly  stable  as  a  result  jf  the 
loi-ally  Increased  suction  quantities  which  are  required  to  avoid  transition  due 
to  ihe  instability  of  the  boundary  layer  crossflow  in  this  area.  In  contrast, 
considerably  ssaller  suction  quantities  are  usually  to  nalntain  laminar 

f)'iw  In  the  region  of  the  flat  pressure  distribution  both  on  the  unswept  and  the 
sv^.  laminar  suction  wings.  The  boundary  layer  is,  then,  not  stabilized  very 
much  by  means  of  suction  both  on  the  straight  wing  and  in  the  flat  pressure  dis¬ 
tribution  area  of  the  swept  Under  the  influence  of  external  disturbances 

amplified  boundary  layer  oscillations  in  chordwise  direction  nay  then  lead  to 
transition  on  the  straight  «ring  and,  in  certain  cases,  on  the  swept  wing  when  the 
chord«fise  boundary  layer  In  the  region  of  the  flat  pressure  distribution  is  not 
too  stable.  In  addition,  the  swept  wing  can  develop  stationary  chordtrise  distur¬ 
bance  vortices  in  the  region  of  the  leading  edge  and  the  flat  pressure  distribu¬ 
tion  under  the  influence  of  strong  external  disturbances  when  the  crossflow 
stability  limit  Reynolds  number  Is  exceeded. 

With  external  sound  as  the  source  of  the  external  disturbance, 
boundary  layer  crossflow  disturbance  vortices  on  the  swept  wing  might  be  induced 
and  amplified  by  transverse  sound  tmives  traveling  in  the  direction  normal  to  the 
potential  flow  streamline.  In  the  region  of  the  rear  pressure  rise  the  most 
critical  frequency  of  the  transverse  sound  waves  would  be  evaluated  from  the 
particular  combination  of  wave  velocity  and  wave  length  which  amplifies  the  cross- 
flow  dlsturbancs  vortices  in  the  boundary  layer  most.  In  the  region  of  the  fls: 
pressure  distribution  the  swept  wing  crossflow  disturbance  vortices  are  stationary, 
i.e.,  the  corresponding  wave  velocity  and  time  frequency  are  then  zero.  For  this 
reason,  based  or.  the  ordinary  stability  theory  of  the  boundary  layer  crossflow 
for  infinitely  small  disturbances,  no  al^}llficatlon  of  crossflow  disturbances 
would  be  expected  in  the  area  of  the  flat  pressure  distribution  under  the  influ¬ 
ence  of  external  sound. 

Tollalen-Schlichting  type  disturbance  %#aves  in  the  boundary  layer, 
traveling  in  chordwise  direction,  can  be  excited  by  longitualnal  sound  waves 
traveling  in  this  direction.  Throughout  the  straight  wing  and  in  the  region  of 
the  flat  pressure  distribution  of  a  swept  laminar  suction  wing,  where  the  chord- 
wise  boundary  layer  is  only  moderately  stable,  longitudinal  sound  waves  nay  cause 
amplified  boundary  layer  oscillations  in  chordwise  direction  when  the  sound  fre¬ 
quency  coincides  with  the  froqueiicy  of  the  most  strongly  amplified  chordwise 
teundary  layer  oscillations. 

At  low  wing  chord  Reynolds  numbers,  when  the  boundary  layer  cross- 
flow  in  the  area  of  the  flat  pressure  distribution  can  be  stabilized  with  very 
small  suction  rates,  the  frictional  instability  of  the  chordwise  component  of 
the  boundary  layer  flow  on  the  swept  wing  may  lead  to  premature  transition  in 
the  presence  of  strong  longitudinal  sound.  In  contrast,  on  the  rear  part  of  a 
stfept  laminar  suction  wing  with  full  chord  laminar  flow,  the  chordwise  boundary 
layer  flow  generally  appears  sufficiently  stable  to  avoid  strongly  amplified 
boundary  layer  oscillations  in  chordwise  direction. 
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(C)  Introduction  and  Fomilatlon  of  the  Problea  (continued) 


The  question,  of  course,  arises  as  to  whether  or  not  boundary  layer 
stability  theory,  asswslng  infinitely  ssall  disturbances,  will  be  adequate  in 
predicting  the  behavior  of  the  boundary  layer  on  lanlnar  suction  wings  in  the 
presence  of  strong  external  sound  fields.  The  sound  particle  velocity  will 
generally  be  soall  as  coopered  with  the  tangential  velocity  cooponent  of  the 
boundary  layer  of  straight  and  swept  wings;  it  will  be  of  a  slailar  order  of  nag* 
nltude,  however,  as  the  swept  wing  crossflow  component  of  the  boundary  layer, 
particularly  In  the  region  of  the  flat  pressure  distribution.  For  this  reason. 

It  appears  that  nonlinear  theory  of  the  stability  of  the  boundary  layer  crossflow 
on  a  swept  laminar  suction  wing  will  eventually  have  to  be  used  to  understand  the 
behavior  of  a  swept  laminar  suction  wing  In  the  presence  of  strong  external  sound 
fields. 


(D)  Experimental  Setup 

In  order  to  answer  the  questions  raised  in  Part  (C),  a  straight 
wing  model  and  a  30°  swept  wing  model  mounted  vertically  in  the  wind  tunnel  test 
section  were  Investigated  in  the  Norair  7-  by  lO-foot  low  turbulence  wind  tunnel 
at  or  0°  angle  of  attack  In  the  presence  of  external  white  noise  and  noise  of 
discrete  frequencies.  The  straight  %ring  was  also  subjected  to  Internal  sound  in 
one  suction  chamber  and  to  mechanically  excited  wing  surface  panel  vibrations. 

The  4- percent- thick  straight  symmetrical  laminar  suction  %#ing  of  17-foot  chord* 
and  Installation  details  are  shown  on  Figures  *  ,  ^3  and  .  Its  airfoil 
ordinates  end  the  locations  of  the  100  fine  suction  slots  and  16  suction  cham¬ 
bers  are  show  in  Tables  V  and  VI  .  The  seven-foot  chord,  30°  swept 

symmetrical  laminar  suction  model  of  12- percent- thickness**  and  the  installation 
are  slxKm  on  Figures  6-  ,  <18  and  <39  .  Ihe  streamwise  ordinates  for  the  modi¬ 
fied  NACA  66-012  sinometrlcal  section  appear  in  Table  1  .  In  order  to  excite 

boundary  layer  disturbance  vortices  both  in  chordwise  and  crossflow  direction, 
longitudinal  sound  waves  of  discrete  frequencies  and  with  a  continuous  spectrum, 
traveling  essentially  In  undisturbed  flow  direction,  were  generated  by  sieans  of 
an  air-modulated  transducer  located  upstream  of  the  nozzle  and  damping  screens 
of  the  wind  tunnel  (Figure  69  ).  In  addition,  during  the  investigation  of  the 
swept  wing,  transverse  sound  waves  traveling  essentially  along  the  wing  span 
normal  to  the  funnel  axis  were  generated  by  a  second  air-modulated  transducer 
located  on  top  of  the  wind  tunnel  test  section  (Figure  69  ).  The  design  of  the 
acoustical  part  of  the  experimental  setup  was  conducted  by  K,  Eldred  and 
J.  Christoff  of  Western  Electro-Acoustic  Laboratories  (WEAL). 

The  electropneumatic  transducer.  Ling  Electronics  Model  Altec 
6786,  is  based  on  the  principle  of  producing  sound  by  Interrupting  a  compressed 
air  jet  with  an  annular  valve.  A  speaker  coil  that  is  integral  with  the  annular 
valve  In  a  permanent  magnet  field  gives  a  low  distortion  output  up  to  500  acous¬ 
tical  watts  of  power  In  the  200  to  1200  cps  frequency  range.  In  order  to  provide 
the  longitudinal  sound  field,  the  transducer  was  coupled  to  an  exponential  horn 
and  mounted  in  a  fiberglass  aerodynamic  fairing  with  a  parachute  cloth-covered 


♦Previously  tested  in  the  Norair  7-  by  10-foot  wind  tunnel  (Reference  14). 
♦♦Previously  tested  in  the  5-  by  7-foot  Michigan  and  7-  by  10-foot  Norair 

tunnels  and  the  12-foot,  low-pressure  Ames  tunnel  (References  8,  9,  69  and  70). 
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(D)  Exp<rl»enUl  S»tup  (cootinucd) 


tail  cone  over  the  horn  openii^.  The  faired  transducer  asseably  ««as  attached 
on  centerline  of  the  tunnel  to  the  turning  vanes  upstreaa  of  the  td.nd  tunnel 
test  section*  For  the  production  of  the  transverse  sound  field,  the  transducer 
and  horn  assechly  ues  located  above  the  wind  tunnel  test  section  td.th  a  transi¬ 
tion  duct  ta  bring  the  sound  through  openings  in  the  wind  tunnel  ceiling  along 
the  swept  wing  upper  surface. 

During  the  first  phase  of  the  s«fept  wing  experinents,  the  trans¬ 
verse  sound  was  produced  by  ten  pemanent  nagnet  speakers,  Janes  B.  Lansing 
Model  D-lJl,  30-watt.  The  ten  speakers  were  sKMnted  in  a  sound-treated  box 
and  connected  to  the  test  section  ceiling  fairings  by  a  transition  duct.  Six 
of  the  sasM  speakers  were  used  in  another  sound-treated  box  with  connecting 
duct  to  supply  a  sound  field  inside  suction  chanber  number  9  of  the  straight 
wing. 


A  Barber  Colman  pemanent  nagnet,  d.c.  motor-driven,  reciprocating 
mats  shaker  developed  by  the  Norair  Flight  Test  group  was  used  as  an  exciter  for 
the  pai.el  vibration  experiments  on  the  straight  wing.  Because  of  the  small  size 
of  this  shaker  unit,  it  was  possible  to  mount  it  in  a  wing  sp\r  cutout  bet%reen 
chamber  numbers  8  and  9  (Figure  62),  The  attachments  to  the  closing  ribs  and 
the  bottom  skin  of  the  straight  wing  model  for  this  spar  ard  the  one  immediately 
aft  %#ere  removed  to  facilitate  the  panel  vibration.  With  che  exception  of  the 
installation  of  the  sound  and  vibration  generating  equipment,  the  experimental 
setup  for  the  straight  wing  and  the  swept  wing  %fere  the  same  as  described  in 
References  9  and  lA. 

In  order  to  minimize  reflected  sound  waves  in  the  test  section  in 
the  region  of  the  model,  the  walls  of  the  test  section  and  part  of  the  i#lnd  tun¬ 
nel  nozzle,  as  well  as  the  wind  tunnel  turning  vanes  downstream  of  the  test 
section,  were  acoustically  lined.  The  acoustical  lining  in  the  test  section 
(Figure  69)  consisted  of  a  fiberglass  Insulation  of  2-  to  3-lnch  thickness 
mounted  between  the  tunnel  well  and  a  fiberglass  cloth  and  an  outer  perforated 
metal  sheet  (one-elghth-lnch  diameter  holes,  50  percent  open  area). 

Two-dimensional  flow  In  the  test  area  of  the  swept  wing  model  was 
maintained  by  shaping  the  walls  of  the  test  section  according  to  the  undisturbed 
streamlines  around  an  Infinitely  long  yawing  wing  of  the  same  cross  section 
working  In  Infinite  flow  at  a  *  0**  angle  of  attack. 

The  straight  wing  and  swept  wing  chordtrlse  pressure  distributions 
Cp  versus  x/c  are  shown  In  Figures  70  and  71  . 

(£)  Measurements  and  Evaluation 

(1)  Investigation  of  the  Sound  Field  in  the  Wind  Tunnel 
Test  Section 

The  sound  field  In  the  wind  tunnel  test  section  was  determined 
under  various  conditions  by  traversing  one  of  the  WEAL  condenser  microphones  on  a 
rail-mounted  carriage  which  traveled  longitudinally  along  the  tunnel  from  behind 
the  wing  trailing  edge  to  a  point  In  frmit  of  the  leading  edge  of  the  laodel. 

This  microphone  was  flush-mounted  on  a  laminar  flow  body  of  revolution  of  two 


126- 


( 1 )  Investigation  of  the  Sound  Field  in  the  Wind  Tunnel 

Test  Section  (continued) 

inches  diaaeter  and  twenty  inches  length.  Laminar  flow  on  the  microphone  body 
was  verified  by  stethoscope  and  hot  wire  observations.  The  microphone  was 
locatcKl  7.5  inches  downstream  of  the  nose  of  the  microphone  body.  The  sound 
pressure  in  the  test  section  of  the  wind  tunnel  was  recorded  in  the  presence 
of  longitudinal  and  transverse  sound  of  discrete  frequencies  and  %rich  various 
bands  of  tdiita  sound  at  several  distances  from  the  model  and  tunnel  floor  and 
at  different  tunnel  speeds  (including  zero).  The  microphone  output  was  measured 
by  a  General  Radio  Company  or  a  BrOel  and  KJaer  level  recorder  and  was  recorded 
on  an  oscilloscope  and  on  magnetic  tape. 

The  first  sound  measurements  during  the  swept  wing  investi¬ 
gation  were  conducted  with  the  acoustical  lining  in  the  test  section  extending 
upstream  to  the  beginning  of  the  %dnd  tunnel  nozzle.  In  this  condition  strong 
fluctuations  of  the  sound  pressure  in  spanwise  and  chordwise  direction  tfere 
observed  on  the  front  part  of  the  wing,  indicating  the  presence  of  strong  stand¬ 
ing  sound  waves  between  the  tunnel  walls.  In  order  to  minimize  these  standing 
tmves,  the  acoustical  linii^  was  extended  further  upstream  into  the  wind  tunnel 
nozzle  as  far  as  practical  (Figures  66  and  69). 

The  reference  sound  pressure  tfas  measured  by  means  of  a 
second  WEAL  condensor  microphone,  which  was  flush-mounted  on  a  laminar  flow  body 
of  revolution.  For  the  straight  wing  test  the  reference  microphone  was  located 
opposite  69  percent  chord,  23  inches  above  the  tunnel  floor  and  seven  inches  from 
the  wing  surface.  The  reference  microphone  for  the  swept  wing  was  located  opposite 
the  13.6  percent  chord  station,  with  reference  to  the  wing  section  at  the  center- 
line  of  the  measuring  region,  at  a  distance  of  7-1/8  inches  from  the  wing  surface 
and  23  inches  above  the  floor  of  the  wind  tunnel  test  section.  Ideally,  the 
sound  pressure  should  be  measured  as  closely  as  possible  to  the  model  to  minimize 
errors  due  to  standing  waves  between  the  model  and  the  side  walls  of  the  tunnel. 
However,  in  such  a  close  vicinity  to  the  model,  the  microphone  body  would  induce 
a  disturbance  flow  field  of  sufficient  magnitude  to  cause  non-uniform  local  suc¬ 
tion  and  premature  transition. 

Both  the  reference  microphone  and  the  movable  microphone  were 
calibrated  in  the  anechoic  chamber  of  WEAL  and  were  frequently  checked  during  the 
experiments  %dth  the  aid  of  a  calibration  coupler.  The  microphone  signal  was 
read  through  a  WEAL  microphone  amplifier  complement  and  voltmeter. 

The  flush-mounted  microphone  recorded,  in  addition  to  the 
external  sound,  pressure  fluctuations  in  the  laminar  boundary  la  "'r  on  the  micro¬ 
phone  body  caused  by  boundary  layer  oscillations.  In  order  to  obcain  an  idea 
about  the  corresponding  possible  error  in  the  sound  pressure  measurement,  the 
velocity  fluctuations  in  the  laminar  boundary  layer  of  the  microphone  body  were 
recorded  for  several  cases  by  means  of  hot  wires.  The  velocity  fluctuations 
observed  at  the  reference  microphone  location  i#ere  considerably  larger  than 
those  due  to  the  external  sound  alone.  For  this  reason  the  sometdiat  higher 
sound  pressure  recorded  by  the  reference  microphone  is  generally  attributed  to 
the  presence  of  boundary  layer  oscillations  on  the  microphone  body.  For  the 
evaluation  of  the  sound  experiments  the  error  in  the  measurement  of  the  reference 
sound  pressure  caused  by  laminar  boundary  layer  oscillations  on  the  reference 
microphone  body  was  neglected. 
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(1)  lnve»tl«mtlQn  of  tli>  Sound  Field  In  the  Wind 
i‘9Ut  Section  (contlDUttd) 

In  order  to  investigete  to  which  degree  two'dlaentlonal  found 
fields  were  obtained  in  the  test  section  with  the  individual  sound  sources,  the 

coBiponents  in  y-  and  z-directions,  u*,  v*  and  w',  of  the  sound  particle 

velocity  in  the  wind  tunnel  test  section  were  asasured  by  weans  of  hot  wires 
under  different  conditions  at  both  the  edge  of  the  boundary  layer  on  the  swept 
wing  and  one  inch  off  the  reference  wlcrophone  body.  V-wires  were  used  for  the 
aeasurewent  of  v*  and  w*.  At  the  sawe  tiwe  a  coaparison  could  be  aade  trlth  the 

sound  pressure  as  recorded  %rith  the  reference  alcrc^hone  by  adding  vectorlally 

the  three  coaponents  u',  v*  and  w*  of  the  sound  particle  velocity,  assuaing  that 
they  were  in  phase  and  that  the  sound  waves  were  plane.  Longitudinal  as  well  as 
transverse  sound  waves  of  discrete  frequencies  and  various  bands  of  white  noise 
were  investigated. 


For  the  evaluation  of  the  ratio  of  the  signal  of  the  external 
sound  to  the  noise  of  the  disturbances  froa  tunnel  turbulence  and  tunnel  noise, 
the  latter  %fere  asasured  at  different  tunnel  speeds  by  aeans  of  a  hot  wire  and 
aicrophone.  Figure  72  shows  a  plot  of  the  tunnel  turbulence  u'/U^  versus  undis* 

turbed  velocity  U«  of  the  Norair  7*  by  10«foot  low  turbulence  tunnel.*  u'  is  the 

ras  turbulent  velocity  fluctuations  in  the  wind  tunnel  test  section.  The  saae 
figure  presents  a  plot  of  the  sound  pressure  of  the  tunnel  (expressed  in  decibels 
and  as  a  ratio  of  sound  particle  velocity  to  tunnel  velocity,  assuaing  plane  sound 
waves)  for  various  tunnel  speeds. 

(2)  Standard  Haasureaents  on  Low  Dtaa  Suction  Wings  and 

Their  Evaluation 

The  following  standard  aeasureaents  were  taken  at  various  wing 
chord  Reynolds  nuabers  with  external  and  internal  sound  of  discrete  frequencies 
and  different  bands  of  white  noise  and  with  panel  vibration: 

(a)  Static  pressure  distribution  on  the  external  wing 
surface  by  means  of  0.020>inch  diaaeter  static 
pressure  orifices; 

(b)  Static  pressures  in  the  individual  suction  chambers 
by  aeans  of  static  pressure  orifices; 

(c)  Suction  flow  quantities  in  the  individual  suction 
chaaoers  as  evaluated  froa  the  pressure  drop  across 
calibrated  flow  aeasuring  nozzles  connected  to  the 
individual  suction  chambers; 

(d)  Boundary  layer  profile  at  the  wing  trailii^  edge  by 
means  of  a  boundary  layer  total  pressure  rake  and  a 
local  static  pressure  tube; 

(e)  Boundary  layer  profiles  at  various  chordwise  stations 
by  means  of  hot  wires. 


*A  more  detailed  description  of  the  Norair  7-  by  10*foot  lo%f- turbulence  wind 
tunnel  is  given  in  Reference  14^ 
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( 2)  Standard  Meawrciienf  on  Low  Dra£  Suction  Wtngs  and 
Their  Evaluation  (continued) 


The  wake  drag  coefficient  was  det*niined  according  to 

Squire  and  Young  from  the  measured  boundary  layer  momentum  thickness  at  the  %ring 
trailing  edge.  The  coefficient  of  the  equivalent  suction  drag  to  accelerate 

the  suction  air  isentropically  to  freestream  velocity  was  evaluated  from  the 
static  pressures  and  the  suction  quantities  in  the  various  individual  suction 
chambers.  The  coefficient  of  the  equivalent  %d.ng  profile  drag  is,  then,  the 

sum  of  Cd^  and  Cq^: 


Cd  “  Cq  ♦  Cd 
“a#  “w  “s 


H^2 

29  2  ^tE 

where 

Index  TE  refers  to  the  trailing  edge  station  and  oo  to  the  location  at  infinity. 

«  *^turbj£  *  ^00 

^#ake  "  2 


With  H 


turb, 


TE 
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2  ^TE 

=0,  -  -  «TE‘ir)  i 
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all 
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Qi 


with 


^1 

'Qi  ""  U^bc’  ^  ^  ‘ 
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8i 


i  refers  to  each  individual  suction  chamber. 


In  order  to  obtain  a  better  understanding  of  the  mechanism 
of  transition  on  a  swept  low  drag  suction  wing  under  the  influence  of  external 
sound,  the  state  of  the  boundary  layer  and  location  of  transition  were  observed 
under  different  conditions  by  means  of  microphones,  connected  to  the  wall  static 
pressure  orifices,  and  by  spraying  the  test  surfaces  with  naphthalene.  The  latter 
sublimates  at  a  much  faster  rate  in  the  presence  of  a  turbulent  boundary  layer 
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(2)  Stft ncUrd  Meagurtaenti  on  Low  Dr&g  Suction  Wings  and 
Their  Evalu&tioo  (continued) 

with  its  high  surface  shear  stress  as  cospared  to  a  Uuslnar  boundary  layer.  As 
a  result,  the  laulnar  areas  appear  t^hlte  In  contrast  to  the  clear  areas  where 
the  boundary  layer  Is  turbulent. 

During  the  first  phase  of  the  experlaents  the  critical  sound 
pressure  level  at  «fhich  transition  occurred  was  detersiined  for  various  conditions. 
For  exaaple,  at  a  given  %fing  chord  Reynolds  nuaber  and  chordwise  suction  distri¬ 
bution  the  sound  pressure  level,  for  a  certain  sound  frequency,  was  slowly 
increased  until  transition  tias  observed.  In  other  cases,  when  transition 
occurred  under  the  influence  of  external  sound,  internal  sound  or  panel  vibra¬ 
tion,  suction  t#as  increased  as  a  whole  or  locally  upstreaa  of  the  transition 
region  until  full  chord  laainar  flow  was  re-established.  Furthermore,  under 
otherwise  the  same  conditions,  the  frequency  of  the  disturbance  was  varied. 

The  influence  of  surface  disturbances  such  as  open  static  pressure  orifices, 
etc..  In  the  presence  of  sound  was  investigated. 

(3)  Measureisents  of  the  Velocity  Fluctuations  in  the  Laainar 
Boundary  Laver  In  the  Suction  Area  in  the  Presence  of 
External  Sound 

In  order  to  investigate’  whether  or  not  transition  under  the 
influence  of  external  sound  was  caused  by  aaplified  boundary  layer  oscillations, 
the  velocity  fluctuations  u*  and  w*  in  the  laainar  boundary  layer  of  the  test 
area  of  the  swept  wing  were  measured  at  8.1  x  10^  at  several  chordwise 
stations  (x/c  ■  0.37,  0.4A,  0.45,  0.58  and  0.90)  %rith  sound  of  various  discretvt 
frequencies  and  tdth  white  noise  of  different  frequency  bands  by  means  of  hot 
wires.  The  sound  pressure  level  and  chordwise  suction  distribution  were  varied. 
Since  aaplified  oscillations  i.n  the  boundary  layer  of  a  swept  laainar  suction 
wing  can  develop  under  the  influence  of  external  sound  both  in  tangential  and 
crossflow  directions,  ti»e  velocity  fluctuations  in  the  bourdary  layer  were  meas¬ 
ured  in  tangential  as  well  as  in  crossflow  direction  by  means  of  ordinary 
u'-wlres  and  V-wires,  respectively.  The  hot  wires  used  were  platinum  wires 
of  0.05-inch  length  and  0.00015-inch  diameter  for  the  straight  wing  and  plati¬ 
num  iridium  wires  of  0.1-inch  length  and  0.00028-inch  diameter  for  the  swept 
wing.  The  velocity  fluctuations  u'  and  w'  in  the  boundary  layer  were  evaluated 
from  King's  equation  for  the  rate  of  heat  loss  from  heated  wires  in  an  airflow 
(Reference  HS),  The  wires  were  calibrated  in  a  4-  by  4-inch  low- turbulence 
tunnel,  and  the  hot  wire  data  were  recorded  with  a  modified  four-channel  Thele- 
Wright  hot  wire  set.  Preceding  quantitative  hot  wire  readings,  a  series  of 
oscilloscope  pictures  %#<ere  taken  at  various  chordwise  locations  in  the  boundary 
layer  of  the  test  wing  for  different  suction  distributions  and  external  sound 
fields  on  the  swept  wing. 

On  both  models,  strong  velocity  fluctuations  were  observed 
in  the  laminar  boundary  layer  of  the  test  wing  at  low  frequencies  below  30  cps. 
These  low  frequency  fluctuations,  which  have  no  apparent  effect  on  the  laminar 
boundai7  layer,  may  have  been  caused  by  unsteady  flow  in  the  first  wind  tunnel 
diffusor  and  upstream  of  the  wind  tunnel  fan.  During  the  hot  wire  measurements 
in  the  boundary  layer,  these  low  frequency  oscillations  were  filtered  out.  High 
frequencies  (above  4800  or  10,000  cps)  that  were  predominantly  amplifier  noise 
were  also  filtered. 
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(F)  Results  and  Discussion 


(1)  Sound  Field  in  the  Wind  Tunnel  Test  Section 

The  sound  field  in  the  wind  tunnel  test  section  was  investi¬ 
gated  with  the  s%rept  wing  installed.  Figure  73  shows  a  typical  plot  of  the 
sound  pressure,  as  oteasured  with  a  traveling  WEAL  condenser  Microphone,  along 
the  tunnel  axis  at  the  height  of  the  centerline  of  the  swept  wing  aodel  at  a 
distance  of  six  inches  from  the  naxiaun  thickness  of  the  nodel.  The  plotted 
circles  show  the  comparison  values  of  the  hot  wire  measuresients  at  one  inch 
above  the  wing  surface  where  the  cooponents  of  u',  v*  and  w'  were  combined, 
assuming  that  all  components  are  in  phase.  The  double  circle  represents  the 
reading  on  the  reference  microphone.  Longitudinal  and  transverse  sound  of  dis¬ 
crete  frequencies  and  with  a  continuous  spectrum  of  different  frequency  bands 
was  applied. 


The  mean  sound  pressure  on  the  model,  as  measured  with  the 
traveling  microphone  at  the  centerline  of  the  model,  was  generally  slightly 
higher  than  the  corresponding  reading  of  the  reference  microphone,  especially 
with  longitudinal  sound.  At  the  higher  tunnel  speeds  and  wing  chord  Reynolds 
numbers  the  variation  of  the  sound  pressure  along  the  tunnel  axis  was  small  with 
transverse  sound  of  discrete  frequencies  and  with  a  continuous  spectrum.  With 
longitudinal  sound  the  sound  pressure  often  decreased  slowly  in  downstream  direc¬ 
tion  from  the  leading  edge  toward  the  trailing  edge  of  the  model,  particularly  at 
the  lower  frequencies,  probably  caused  by  the  attenuation  of  sound  waves,  reflected 
from  the  tunnel  walls  and  the  model,  in  the  acoustical  lining  of  the  test  section. 

The  periodic  variations  of  the  sound  pressure  observed  with 
the  traveling  microphone  were  probably  caused  by  standing  sound  waves  between 
the  walls  of  the  test  section  and  the  model.  At  lower  tunnel  speeds  and  %#ing 
chord  Reynolds  numbers  these  periodic  variations  of  the  sound  pressure  became 
much  more  pronounced,  and  vice  versa. 

Similar  chordwise  traverses  of  the  sound  field  at  various 
heights  in  the  wind  tunnel  test  section  as  well  as  at  other  distances  from  the 
model  showed  sir'ilar  fluctuations  of  the  sound  pressure  in  the  wind  tunnel  test 
section  in  vertical  and  horizontal  directions.  These  fluctuations  of  the  sound 
pressure  also  probably  resulted  from  standing  sound  waves  between  the  tunnel 
walls  and  the  model. 


It  thus  appeared  that  the  formation  of  standing  sound  waves 
in  the  test  section  caused  considerable  fluctuations  of  the  sound  pressure  in 
the  test  region,  especially  at  the  lower  sound  frequencies.  The  question  then 
arose  as  to  which  sound  pressure  reading  should  be  used  for  the  evaluation  and 
analysis  of  the  experimental  data.  Ideally,  for  the  analysis  of  the  data,  the 
sound  pressure  somewhat  upstream  of  the  transition  region  close  to  the  model 
would  have  been  most  meaningful.  Transition,  according  to  naphthalene  sublima¬ 
tion  observations,  generally  occurred  in  the  region  of  the  flat  pressure  distri¬ 
bution  of  the  swept  wing  in  spanwise  areas  where  the  sound  pressure  was  highest. 
For  this  reason  an  attempt  was  first  made  to  correlate  the  data  with  the  local 
sound  pressure  in  the  transition  area  with  various  external  sound  fields.  Since 
the  spanwise  and  chordwise  positions  of  transition  with  these  different  sound 
fields  varied  considerably,  an  excessively  large  number  of  chordwise  sound 
traverses  would  have  been  required  to  determine  accurately  the  sound  pressure 
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(1)  Sound  Fiald  In  tht  Wind  XUnmtl  T«it  Section  (continued ) 

in  and  upstrtaa  of  the  transitim  area  for  theta  varied  conditions .  In  view  of 
these  difficulties,  this  attcapt  was  finally  abandoned,  and  the  sound  pressure 
at  the  reference  nlcrt^hmie  was  used  for  the  evaiuation  and  analysis  of  the 
experiaental  data. 


The  agreeaent  between  the  sound  pressure  at  oteasured  with  the 
traveling  aicrophone  and  evaluated  froa  hot  twlro  aeasureaents  of  the  sound  parti* 
cle  velocity  coaponen' (.  u',  v*  and  w*  was  generally  satisfactory  with  transverse 
sound  (white  noise  anr  .^nd  of  discrete  frequencies)  and  with  longitudinal  white 
sound.  With  longitudinal  sound  of  discrete  frequencies  the  agreeaent  was  lets 
satisfactory  at  800  cps. 

(a)  Critical  Sound  Pressure  and  Sound  Particle  Velocity 

Ratio  (u'/U.)  ..  at  Transition  under  Various  Conditions 

•  crit 

With  optiaua  suction  for  ainiaua  drag  external  soused 
caused  transition  on  the  straight  laainar  suction  tring  at  rather  low  sound  pres¬ 
sures  (108  db  at  ei  20  X  10^  and  Cq  «  1.1  x  10*^).  The  critical  sound  pressure 

for  transition  could  be  raised  to  considerably  higher  values  by  increasing  suction 
either  as  a  whole  by  raising  the  level  of  suction  or  by  increasing  the  suction 
locally  in  the  areas  where  transition  occurred.  For  exasq>le,  by  increasing  suc¬ 
tion  froai  Cq  ■  1.1  X  10*^  to  1.8  x  10*^  at  R^  ■  20  x  10^  raised  the  critical  sound 

pressure  to  over  130  db.  A  definite  dependence  of  the  transition  on  the  fre¬ 
quency  of  the  acoustic  disturbance  was  apparent  on  the  straight  «ring.  Figures 
74  to  77  graphically  illustrate  this  dependence.  These  figures  show  the 
required  suction  distribution  without  external  sound  and  the  additional  incre- 
aents  of  suction  required  to  re-establish  laainar  flow  in  the  presence  of 
strong  external  sound  fields  of  various  frequencies.  For  cxaaple,  on  these  fig¬ 
ures,  the  600/1200  octave  band  of  randou  noise  input  needed  additional  suction 
in  the  forward  part  of  the  wing  to  aaintain  full  chord  laainar  flow;  the  300/600 
suction  incresMnt  needed  an  Increase  through  the  midportion  of  the  wing;  while 
suction  had  to  be  increased  primarily  in  the  rear  part  of  the  wing  with  white 
noise  of  130/300  cps.  Siailarly,  the  discrete  sound  frequencies  on  Figure  76 
show  the  sasM  pattern  where  the  lower  sound  frequencies  required  additional  suc¬ 
tion  to  the  rear  and  the  higher  frequencies  required  additional  suction  forward 
for  the  maintenance  of  full  chord  laminar  flow.  From  this  data  the  conclusion 
is  dram  that  the  forward,  middle  and  aft  portions  of  the  wing  are  more  sensitive 
to  frequencies  in  the  600,  400  and  200  cycle  range,  respectively.  It  appears 
chat  transition  occurred  at  particularly  low  critical  sound  pressures  when  the 
sound  frequencies  correlated  with  the  frequencies  for  amplified  chotdwise  bound¬ 
ary  layer  oscillations. 


In  Figures  78  to  82  (u'/U«)^f^^  at  transition  is  plotted 

versus  sound  frequency  for  a  given  Reynolds  number  to  show  the  effect  of  suction 
level  on  transition  with  external  sound.  The  crossed  line  represents  the  maximum 
sound  pressure  field  available  so  that  a  point  on  the  crossed  line  indicates  that 
there  was  no  transition  up  to  the  maximum  available  sound  pressure  lev.  .  To 
obtain  these  data,  the  suction  distribution  was  first  set  at  the  required  level 
for  no  transition  at  the  maximum  sound  field  for  each  of  the  frequencies  at  the 
stated  Reynolds  number.  Then,  the  suction  level  was  reduced  in  steps  to  the 
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(a)  Critical  Sound  Preasure  and  Sound  Particle  Velocity 

Ratio  (u' at  Transition  under  Various 

Conditions  (continued) 

mlnlnua  value  for  full  chord  laminar  flow.  Tne  great  isiprovement  In  value  of 
(u'/Ua,)^^j^.  for  transition  at  800  cps  with  higher  forward  suction  (run  129)  com¬ 
pared  to  run  117  (Figure  73  )  again  supports  the  earlier  observation  that  sound 
of  800  cps  would  be  critical  forward.  Again,  in  Figure  81  a  suction  Increase  in 
the  front  part  of  the  wing  raised  the  critical  sound  particle  velocity  ratio 
(u'/U«)^^^^  for  transition  progressively  islch  increasing  sound  frequency. 

'^igures  83  and  84  illustrate  the  increase  in  total 
suction  quantity  and  equivalent  wing  profile  drag  for  the  17-foot  chord,  4-percent- 
thick  wing  with  full  chord  laminar  flow  in  the  presence  of  external  sound  of 
increasing  sound  pressure  and  sound  particle  velocity.  These  t%K>  figures  show 
that  the  increase  in  suction  and  the  corresponding  equivalent  wing  profile  drag 
required  to  oaintain  full  chord  laminar  flow  on  a  thin  straight  laminar  suction 
wing  were  not  unreasonable  in  the  pr«:Sence  of  strong  external  sound  fields. 

The  increase  of  the  equivalent  wing  profile  drag 

at  increasing  sound  pressure  level  with  the  suction  quantity  held  constant  %ras 
also  investigated.  Figures  83  to  88  show  the  variation  of  Cd^  versus  u'/Uo^ 

for  several  external  sound  frequencies.  In  general,  the  equivalent  wing  profile 
drag  approximately  doubled  for  a  value  of  u'/Ug,  equal  to  twice  the  value  at 

Initial  drag  rise.  The  initial  drag  rise  for  a  given  frequency  was  strongly 
influenced  by  the  suction  distribution  and  level.  For  example,  on  Figure  87 
the  substandard  amount  of  suction  on  chamber  number  9  (45  to  52  percent  chord) 
led  to  early  transition  for  442  arid  300/600  cps,  some  transition  for  150/300  cps, 
but  no  transition  at  660,  810  or  600/1200  cps.  Here  again,  a  frequency  depen¬ 
dence  of  amplified  oscillations  corresponding  to  stability  theory  is  evident  in 
that  the  300/500  cps  disturbances  were  amplified  in  this  region  of  the  wing 
while  disturbances  of  higher  and  lower  frequencies  were  amplified  less  or  not  at 
all.  This  example  emphasizes  the  need  of  providing  adequate  suction  along  the 
entire  wing  chord  when  external  disturbances  from  sound  and  other  sources  cover 
a  wide  range  of  frequenc.  es. 

A  set  of  runs  where  only  the  forward  static  pressure 
orifices  were  sealed  at  the  surface,  with  the  rear  static  pressure  orifices 
still  open  at  the  wing  surface*  (Figure  38  ),  brings  out  another  interesting 
point.  In  this  instance  the  two  suction  distributions  tested  corresponded  to 
the  same  total  suction  quantity,  C  ,  but  the  distribution  of  suction  for  runs 
65  to  69  was  lower  from  20  to  40  percent  chord  and  higher  from  40  to  80  percent 
chord  than  runs  60  to  64.  These  data  show  that  the  drag  rise  due  to  premature 
transition  in  the  presence  of  sound  was  delayed  to  higher  sound  pressure  levels 
when  suction  was  relatively  higher  in  the  region  of  the  open  wing  surface  static 
pressure  orifices.  Suction  was,  then,  beneficial  to  the  maintenance  of  laminar 
flow  in  the  presence  of  the  disturbance  caused  by  the  interaction  between  a 
strong  external  field  and  open  static  pressure  orifices. 


♦Airtight  otherwise. 


(a)  Critical  Sound  Presaure  and  Sound  Particle  Velocity 

Ratio  (u'/U.) _ _  at  Transition  under  Various 

"  crit 

Condi  Lions  (continued) 

A  correi.ation  for  the  straight  wing  of 

versus  Cq  for  all  octave  band  noise  data  under  the  influence  of  external  sound 

au'n/^u. 

is  presented  in  Figure  89.  The  slope  of  the  straight  lines  ( - )  is 

equal  to  approxiaatcly  48  for  all  three  octave  bands.  The  white  noise  data  were 
chosen  for  the  correlation  because  the  corresponding  sound  field  i«as  more  unifons 
over  the  aodel  than  with  sound  of  discrete  frequencies. 

(3)  Variation  of  the  Critical  Sound  Pressure  for  Transition 
00  a  Swept  Suction  Wine  under  Various  Conditions 

(a)  Influence  of  Sound  Frequency  on  Transition 

Figures  9U  and  91  show  the  variation  with  sound  fre¬ 
quency  of  the  critical  sound  pressure  and  the  corresponding  values  for  the  critical 
sound  particle  velocity  ratio  ^***^>*^i^  plane  sound  waves)  for  the 

start  of  transition  in  the  presence  of  loi^itudinal  and  transverse  sound  of 
various  discrete  frequencies  and  bands  of  white  noise  at  several  tring  chord 
Reynolds  nu8d>ers.  "Mininu«**  suction*  closely  corresponding  to  the  optiosia  suc¬ 
tion  distribution  for  nininui«  drag  in  the  absence  of  external  sound,  was  applied 

in  sost  cases  shown  in  Figures  90  and  91  (Cq  a.  3.5  x  10’^  to  3.70  x  10*^), 

•4  -4 

Slightly  increased  Mction  rates  (Cq  ^  3.70  x  10  to  3.9  x  10  )  correspond  to 

low  sucti<m,  and  still  stronger  suction  (Cq  a-  4.2  x  10**^)  is  designated  as  nediuo 

suction.  The  first  fifteen  surface  static  presaure  orifices  up  to  the  beginning 
of  the  rear  pressure  rice  were  sealed  when  the  experiments  with  the  transverse 
sound  generated  by  loudspeakers  started.  The  remaining  static  pressure  orifices 
in  the  region  of  the  rear  pressure  rise  vere  sealed  during  run  46  and  vore  kept 
sealec  for  the  resuiining  part  of  the  investigation.  During  part  of  the  runs, 
suction  was  applied  through  all  slots  from  0.5  to  97  percent  chord.  Since  no 
suction  was  really  required  in  the  front  part  of  the  swept  suction  wing  at  the 

test  wing  chord  Reynolds  numbers  up  to  3-  11  x  10^,  no  suction  was  implied 

durir%  part  of  the  runs  in  S(mk  of  tho  front  slots.  These  slots  were  then  either 
sealed  with  clay  or  purposely  left  open  (see  notes  on  Figures  90  and  91  ).  Test 
runs  4?a,  48a  and  49  mere  conducted  in  the  presence  of  small  pinholes  in  an  imper¬ 
fectly  sealed  front  slot. 


At  higher  sound  frenuencies  the  tsaximum  sound  power  of 
the  speakers  and  of  the  transducers  was  limited,  and  the  sound  wave  became 
increasingly  distorted  «t  these  higher  sound  power  levels  at  high  frequencies. 

For  this  reasem  reliable  data  for  the  critical  sound  pressure  level  not 

be  establiched  on  the  smooth  wing  at  sound  frequencies  beyond  1500  epa  %dLth  sound 
of  discrete  frequencies,  particularly  with  increased  suction  rates.  On  the  smooth 
wing  full  chord  laminar  flow  could  generally  be  maintained  at  these  hJ^^her  sound 
frequeocies  up  to  the  maximum  available  sound  power  level. 
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(a)  Influence  of  Sound  Frequency  on  Transition  (concinu- 

In  the  presence  of  longitudinal  and  transverse  sourid  of 
discrete  frequencies  the  critical  sound  pressure  on  the  snooth  wing  at  wing  chord 

Reynolds  nusibers  of  8  x  10^  to  11.5  x  10^  decreased  fro«  a  value  of  125  to  130  db 
at  low  sound  frequencies  (below  ICKX)  cps)  to  approxlaately  120  to  125  db  at  higher 
sound  frequencies  (1000  to  1500  cps).  With  white  noise  the  critical  sound  pres¬ 
sure  level  decreased  slightly  at  the  higher  frequency  ranges.  At  10^  the 

■InloaiiB  critical  sound  pressure  was  usually  observed  in  the  1200/2400  cps  fre¬ 
quency  band  with  longitudinal  as  well  as  transv-  .‘se  sound.  On  the  saooth  wing 
with  minlanuB  suction,  transition  with  white  noise  In  the  1200/2400  cps  frequency 
range  started  at  a  sound  pressure  of  120  to  125  db,  with  auction  applied  either 
through  all  slots  or  from  15  to  96  percent  chord  and  with  the  nonsucking  front 
slots  carefully  sealed.  The  frequency  range  of  1200/2400  cps  correlates  with 
that  for  anpllfied  chordwlse  boundary  layer  oscillations  In  the  front  part  of 
the  wing.  Contrary  to  the  straight  wing  results  and  to  ordinary  boundary  layer 
stability  theory,  which  %fould  predict  a  frequency  dependence  of  the  critical 
sound  pressure,  the  relatively  small  variation  of  the  critical  sound  pressure  and 

(u'/U  )  with  sound  frequency  on  the  smooth  swept  tdng  was  somewhat  unexpected, 
crit 


Figures  92  and  93  show  tha  only  case  where  transition 
on  the  swept  wing  due  to  external  sound  could  be  correlated  with  the  Tollmien- 
Schllchtlng  stability  theory  of  the  tangential  boundary  layer  flow  In  a  similar 
manner  as  on  a  17-foot  chord  straight  laminar  suction  wing.  Suction  was  applied 
over  the  rear  half  of  the  wing  chord  only,  and  the  front  half  of  the  trlng  with 
the  suction  slots  was  covered  with  paper.  Under  such  conditions  the  Instability 
of  the  tangential  component  of  the  boundary  layer  becomes  critical  In  the  front 
nonsuction  area  of  the  wing  at  somewhat  lower  Reynolds  numbers  (R^.  s;  7  x  10^). 

The  Instability  of  the  boundary  layer  crossflow  component  becomes  rapidly  less 
critical  at  these  low  wing  chord  Reynolds  numbers.  Figure  92  illustrates,  at 
a  wing  chord  Reynolds  number  Rc  =  7  x  10^,  a  strong  reduction  of  the  critical 
sound  pressure  at  sound  frequencies  of  400  to  850  cps,  corresponding  to  the  fre¬ 
quency  range  for  amplified  Tollmien-Schlichting  oscillations  at  50  percent  chord. 
At  600  cps  transition  was  observed  at  quite  low  sound  pressures  (109  db).  Figure 
93  presents  the  correlation  of  the  observed  critical  sound  fre  uencles  tdth  the 
frequencies  of  amplified  Tollmien-Schlichting  oscillations  of  the  tangential  com¬ 
ponent  of  the  boundary  layer  at  the  midchord  station. 

Under  marginal  conditions,  for  example,  with  marginal 
suction  rates,  particularly  in  the  front  half  of  the  wing,  at  higher  wing  chord 
Reynolds  numbers,  the  critical  sound  pressure  for  transition  dropped  considerably. 
Figures  9u  and  91  illustrate  the  variation  of  the  critical  sound  pressure  with 
sound  frequency  at  R^.  =  11.2  x  10^*  with  marginal  suction  rates  in  the  most 
critical  part  of  the  wing  slightly  below  the  minimum  suction  distribution  In  the 
absence  of  sound  as  well  as  with  increased  suction  rates  closer  to  the  optimum 
distribution.  With  marginal  suction  transition  occurred  at  approximately  5  db 
lower  sound  pressure  levels,  as  compared  with  the  case  of  the  more  optimum  suc¬ 
tion  distribution. 


*The  roaxinjura  wing  chord  Reynolds  nuirber  with  full  chord  laminar  flow  on 
the  30°  swept  laminar  suction  wing  mount.ed  in  the  smooth  test  section 

of  the  Norair  7-  by  10- foot  tunnel  wes  13  x  10*^. 


(b)  Influence  of  Suction  Quantity  and  Chordwlse  Suction 
Distribution  on  the  Swept  Wing 

In  order  to  Investigate  the  Influence  of  suction  In  the 
region  of  the  flat  pressure  distribution,  where  transition  started,  a  series  of 
runs  (Figure  94  )  %Mre  conducted  varying  the  suction  quantity  In  chaaber  8 
(x/c  •  0.33  to  0.41}  froa  xero  to  high  suction  In  the  presence  of  longitudinal 
and  transverse  sound  of  800  cps.  The  critical  values  for  various 

suction  quantities  In  chaaber  8  are  rtiown  In  Figure  94  ,  Indicating  a  rapid 
Increase  of  %fith  the  suction  quantity  In  chiaber  8. 

A  corresponding  sequence  Increasing  suction  as  a  whole 
over  the  entire  «rlng  chord  is  shoim  In  Figure  95.  The  wing  chord  Reynolds 

nuaber  was  ■  3.8  x  10^.  Soae  of  the  front  slots  were  laperfectly  seated 

(pinholes),  ^^'^^oa^crlt  In^i^*****  vlth  larger  suction  quantities  at  a  relatively 

slow  rate,  and  quite  large  suction  quantities  were  required  to  aalntaln  full 
chord  lasdnar  flow  at  higher  sound  pressure  levels,  as  conpared  with  the  case 
when  suction  was  Increased  only  locally  In  the  region  of  the  flat  pressure  dis¬ 
tribution  «diere  transition  started.  Figure  96  shows,  as  an  exaaple,  the  varia¬ 
tion  of  the  critical  sound  particle  velocity  ratio  at  R^  ■  4.1  x  10^  with 
Increasing  suction  In  the  forward  region  of  the  flat  pressure  distribution,  with 
the  suction  distribution  In  the  region  of  the  rear  pressure  rise  held  constant 
(static  pressure  orifices  open). 

Another  Increasing  overall  suction  level  sequence  at 
R^  •  8  X  10^  and  the  corresponding  critical  sound  particle  velocity  ratios 
(u'/U,^)^^^^  at  transition  for  the  saoothwlng  are  shown  In  Figure  97.  Even  a 

43  percent  Increase  In  overall  suction  did  not  prevent  transition  at  all  fre¬ 
quencies  below  the  asxlaua  available  sound  level.  Insufficient  suction  was 
applied  In  the  forward  chaaR>ers  to  avoid  transition.  The  laportance  of  raising 
the  suction  rates  In  the  region  of  the  flat  pressure  distribution  upstreaa  of  the 
60  percent  chord  statlm  and  the  Inefficiency  of  an  overall  suction  increase  pre¬ 
viously  encountered  (Figures  95  and  97)  Is  confined  In  Figures  98  and  99  . 

Run  130  (Figure  96)  represents  the  alnlaua  SMOunt  of  suction  for  full  chord  lami¬ 
nar  flow  without  sound.  At  R^  ■  9.8  x  10^  this  suction  distribution  Is  adequate 
quate  to  maintain  full  chord  laminar  flow  at  >  10  x  10'^.  In  order 

to  Increase  the  critical  sound  particle  velocity  ratio  to  ■  23  x  10**^, 

suction  In  the  front  part  of  the  trlng  had  to  be  raised  such  that  the  total  suc¬ 
tion  quantity  was  Increased  by  13  percent,  as  compared  to  more  than  4l  percent 
when  suction  was  raised  as  a  whole  over  the  entire  wing  chord.  A  comparison  of 
the  top  and  lower  suction  distribution  plots  (Figure  98  )  shows  even  more  clearly 
that  the  critical  sound  pressure  and  the  corresponding  ratios  (u'/Uo,)^^^  depend 

essentially  only  on  the  suction  rates  ahead  of  the  60  percent  chord  station.  For 
example,  runs  128  and  131  showed  approximately  the  same  critical  sound  pressure 
level  when  their  suction  rates  Vq*  ahead  of  60  percent  chord  were  practically  the 
same.  In  Figure  99  suction  was  first  set  for  no  transition  without  sound  (run 
82)  and  then  Increased  to  a  level  required  for  transition  with  maximum  sound  (run 

86).  In  order  to  maintain  full  chord  laminar  flow  at  R^.  «  11.5  x  10^  with  the 
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(b)  Influence  of  Suction  Quantity  and  Chordwlse  Suction 

Distribution  on  the  Sviept  Wing  (continued) 

■axlaua  external  sound  field  (run  86),  suction  upstreaa  of  the  60  percent  chord 
station  had  to  be  Increased  by  49  percent.  This  Increase  represents  but  a  snail 
percentage  of  the  total  suction  quantity. 

SuMsarlxlng,  on  the  swept  wing  the  critical  sound  pres* 
sure  and  the  corresponding  sound  particle  velocity  ratio  (u'/Uso)crit  could 

generally  be  Increased  to  the  naxlausi  available  level  by  Increasing  the  suction 
quantities  either  as  a  whole  over  the  entire  wing  chord  or  locally  In  the 
critical  area  of  the  flat  pressure  distribution,  where  transition  otherwise 
occurred.  Fron  the  standpoint  of  total  suction  quantity  and  wing  profile  drag 
It  was  nuch  acre  econosilcal  to  Increase  suction  locally  In  the  critical  region 
of  the  flat  pressure  distribution.  As  an  exa^>le,  the  critical  sound  pressure 
at  transition  could  be  Increased  by  approxlaiately  8  to  10  db  with  a  15  percent 
larger  suction  quantity  %ihen  suction  was  locally  Increased  In  the  most  critical 
area,  with  an  Increase  In  wing  profile  drag  of  approximately  3  percent. 

At  the  higher  wli^  chord  Reynolds  numbers  Increased  sue* 
tlon  had  to  be  applied,  particularly  tc  the  forward  part  of  the  swept  «rlng,  to 
reduce  the  growth  of  boundary  layer  oscillations  In  the  area  of  the  flat  pxessure 
distribution  and  thus  to  delay  transition  to  higher  sound  pressures. 

(c)  Influence  of  Wing  Chord  Reynolds  Number  on 

the  Swept  Wing 

Figures  100  and  101  show.  In  log* log  plots,  the  variation 
of  the  critical  sound  particle  velocity  ratio  ^u'^^v^crlt  transition  with  wing 

chord  Reynolds  number  under  various  conditions  (smooth  model  without  surface 
cavities  with  minimum  and  Increased  suction  as  i#ell  as  with  open  static  pressure 
orifice  holes  and  nonsucking  open  slots  In  the  front  part  of  the  wing).  For 
minimum  suction  the  critical  sound  pressure  level  at  transition  generally 
Increased  slightly  with  Increasing  wing  chord  Reynolds  number.  The  correspond* 

Ing  critical  sound  particle  velocity  ratio  then  decreased  at  a  some* 

what  slower  rate  than  Inversely  proportional  to  the  wing  chord  Reynolds  number. 

The  reduction  of  the  critical  sound  pressure  and 
(u'/UaB)^^4^  for  transition  with  open  surface  cavities  such  as  static  pressure 

orifices,  imperfectly  sealed  slots  with  pinholes,  nonsucking  open  slots,  etc., 
was  generally  observed  ever  the  %dtole  test  Reynolds  number  range  up  to  R(.  >  12  x  10^ 
except  at  the  lowest  test  Reynolds  numbers,  R^  ^  4  x  10^  (Figures  100  and  101). 

(4)  Critical  Sound  Pressure  for  Transition  with  Open  Surface 
Cavities  on  Both  Straight  and  Swept  Wings 

During  the  experiments  premature  transition  under  tba  Influence 
of  external  sound  was  often  observed  downstream  of  open  surface  cavities  such  as 
static  pressure  orifices,  nonsucking  slots  or  Imperfectly  sealed  suction  slots. 
Leakage  of  air  from  these  cavities  to  the  external  surface  was  prevented,  and  full 
chord  laminar  flow  was  achieved  without  external  sound.  In  the  presence  of  strong 
external  sound,  according  to  naphthalene  sublimation  studies,  turbulent  wedges 


-137* 


(4)  CtltljaL  aound  Praiwrt  for  Trafiitlttpg  with  <^d  Sarf^ct 
C<vltl««  on  Both  Straight  and  Swpt  Wlnat  (continued) 


were  observed  downstresn  of  static  pressure  orifices  and  pinholes  In  an  lnper> 

fectly  sealed  slot.  When  the  static  pressure  orifices  and  nonsucklqg  slots  were 

properly  sealed  at  the  wing  surface  such  local  turbulent  wedges  did  not  develop. 

The  straight  wing  values  of  (u'/U.)  for  transition  are  shown  In  Figure  82 

cnc 

for  the  case  where  Individual  static  pressure  orifices  were  open  at  the  surface 
but  sealed  at  the  nsnoaeter  end  of  the  pressure  line.  With  the  orifices  sealed 
at  the  mrface  and  the  sane  auction  applied,  no  transition  existed  at  the  naxl- 
nun  sound  pressure.  The  -Au'/U^  ordinate  (Figure  82)  represents  the  decrease 

in  due  to  opening  a  static  pressure  orifice.  Figure  82  shows  that 

the  13  percent  chord  orifice  location  was  least  sensitive  and  the  46  percent 
chord  orifice  was  aost  sensitive  to  external  sound.  The  suction  coaparlson 
at  the  right  of  Figure  82  shows  that  the  local  sue  tlon  in  excess  of  alniaua 
drag  requlreaents  was  greatest  at  IS  percent  chord  and  least  at  46  percent  chord. 
Apparently,  suction  was  again  not  only  beneficial  to  the  aaintenance  of  laalnar 
flow  with  open  orifices  under  the  Influence  of  external  sound, but  also  explains 
the  differences  In  critical  disturbance  velocity  at  various  chordwlse 

orifice  locations.  Another  laportant  feature  of  Figure  82  Is  that  transition 
occurred  at  all  frequencies  for  each  chordwlse  orifice  location,  while  other 
transitions  due  to  external  sound  have  shown  a  frequency  dependence  that  corre* 
lated  with  stability  theory.  Therefore,  the  twD*dlaenslonal  saall  disturbance 
theory  did  not  apply  to  the  straight  wing  transition  In  the  case  of  the  Inter* 
action  of  the  open  static  pressure  orifice  and  the  external  sound  field.*  The 
transition  aechanlsa  for  open  orifices  and  external  sound  fields  was  probably 
not  associated  with  aBg>llfled  Tollalen*Schllchtlng  waves  but  a  three*dls«nsional 
flow  phanoMna  slnllar  to  that  dascrlbad  in  the  chapter  on  internal  sound  (Part  9). 

Figures  90  and  91  show  the  critical  sound  pressure  on  the 
swept  %rlng  at  transition  and  the  corresponding  critical  sound  particle  velocity 
ratio  In  the  presence  of  snail  pinholes  in  an  Inproperly  sealed  front  suction 
slot  with  external  sound  of  various  discrete  frequencies  and  bands  of  white  noise 

(ninlnun  suction).  At  •  9.8  x  10^  and  sound  frequencies  between  1200  to  2400 
cps  (with  white  noise  and  sound  of  discrete  frequencies)  the  critical  sound  pres¬ 
sure  i#lth  this  Inperfectly  sealed  front  slot  was  approxinately  8  to  12  db  lower 
than  for  the  snooth  aodel  with  properly  sealed  front  slots  or  %d.th  suction 
applied  thrmigh  slots.  Figures  90  and  91  illustrate  the  reduction  of  the 
critical  sound  pressure  for  various  sound  frequencies  with  sone  of  the  forward 

nonsucking  slots  open.  At  «  9.8  x  10^  and  sound  frequencies  bet%#een  1200  to 

2000  cps,  transition  %#as  observed  at  5  to  10  db  lower  sound  pressures  wit'  the 
nonsucking  slots  open.  The  critical  sound  pressure  level  for  transition  with 
open  surface  cavities  (pinholes  In  one  of  the  imperfectly  sealed  front  suction 
slots,  nonsucking  ©pen  slots  In  the  front  part  of  the  wing)  was  particularly  low 
In  a  range  of  sound  frequencies  which  correlated  with  the  frequencies  for  aaq>li* 
fled  chordwlse  boundary  layer  oscillations  in  the  front  part  of  the  wing  in  the 
region  of  the  open  surface  cavity.  The  smooth  wing  showed  a  considerably  smaller 
reduction  in  critical  sound  pressure  at  higher  frequencies  as  compared  to  the 


*At  the  same  time,  the  lack  of  a  frequency  dependence  Indicates  t^at  the  surface 
cavities  did  not  act  as  Helmholtz  resonators. 


-138- 


(4)  Critical  Sound  Preamre  for  Transition  with  Open  Surface 
Cavities  on  Both  Straight  and  Swept  Wln&a  (continued) 


•odel  with  open  surface  cavities  (Figures  90  and  91  ).  The  only  exaaple  %dien 
transition  was  observed  at  low  sound  pressures  and  at  rather  distinct  frequencies 
(1900  to  4500  cps)  was  the  case  when  the  static  pressure  orifices  In  the  region 
of  the  rear  pressure  rise  were  left  open  (Figure  9i).  The  renainlng  static 
pressure  orifices  and  nonsucking  slots  were  sealed.  In  this  case  the  rear  static 
pressure  orifices  may  have  acted  like  Helmholtz  resonators.  Closing  the  static 
pressure  orifices  in  the  region  of  the  rear  pressure  rise  or  sucking  through 
these  orifices  by  lowering  the  reservoir  of  the  suinooeter  bank  raised  the  criti¬ 
cal  sound  pressure  at  the  higher  sound  frequencies  (betiiwen  1300  and  5000  cps) 
to  and  beyond  the  maximum  available  sound  pressure. 

It  thus  can  be  concluded  that  small  open  cavities  on  the 
external  surface  can  appreciably  reduce  the  permissible  sound  pressure  for  full 
chord  laminar  flow,  even  though  such  cavities  are  closed  inside  the  wing.  In 
order  to  avoid  premature  transition  due  to  open  surface  cavities  in  the  presence 
of  external  sound,  all  static  pressure  orifices  and  nonsucking  slots  were  care¬ 
fully  sealed  during  the  major  phases  of  the  investigations.  Naphthalene  subli¬ 
mation  studies  were  conducted  to  check  whether  or  not  the  test  surface  was 
sufficiently  s>rooth  to  prevent  premature  transition  from  surface  disturbances 
such  as  surface  cavities,  roughness,  etc.  It  might  be  suspected  that  other 
surface  disturbances  such  as  surface  roughness,  steps,  etc.,  might  also  be  more 
critical  in  tlie  presence  of  strong  external  sound.  A  preliminary  experiment 
with  a  relatively  large  surface  roughness  showed  local  transition  downstream  of 
the  roughness  in  the  presence  of  strong  external  sound.  Without  sound  full  chord 
laminar  flow  %ias  observed.  The  smooth  wing  without  roughness  was  laminar  to  the 
trailing  edge  in  the  presence  of  the  external  sound.  This  experiment  indicates 
that  the  maximum  permissible  height  of  a  surface  roughness  and  possibly  other 
surface  disturbances  for  full  chord  laminar  flow  may  be  reduced  by  the  presence 
of  strong  external  sound  fields. 

(5)  Observations  of  the  State  of  the  Boundary  Laver  and 

Transition  with  External  Sound  by  Means  of  Naphthalene 

Sublimation  Studies  for  Straight  and  Swept  Wings 

Figures  ](12  to  126  show  representative  naphthalene 

sublimation  photographs  of  the  test  surface  of  the  wing  with  external  sound. 

When  a  saturated  solulion  of  naphthalene  in  petroleum  ether  is  sprayed  on  the 
model  surface,  a  thin  white  layer  of  naphthalene  particles  remains  on  the  sur¬ 
face  after  the  ether  evaporates.  As  the  air  flow  passes  over  the  model  the 
higher  shear  stress  where  the  boundary  layer  is  turbulent  removes  the  white 
naphthalene  powder  by  sublimation.  The  resulting  development  shows  white  areas 
where  the  boundary  layer  remains  laminar  and  clear  areas  where  the  boundary 
layer  is  turbulent. 


On  the  straight  wing  sevc.al  attempts  were  made  to  check  the 
nature  of  transition  under  the  influence  of  external  sound  by  naphthalene  spray 
flow  visualization.  In  general,  transition  on  the  17-foot  chord,  4-percent- thick 
straight  wing  was  too  gradual  to  obtain  sharp  sublimation  pictures.  There  are, 
moreover,  paint-filled  regions  on  the  wing  opposite  the  joints  in  the  under  skin 
panels  that  confuse  the  flow  visualizations.  As  a  result  these  dif f icultier^, 
only  a  few  sublimations  were  obtained.  Figure  102  is  the  clearest  of  the  flow 


(5)  Ob»grvationt  of  the  State  of  the  Boundary  Layer  »nd 

Transition  *d.th  External  Sound  by  Mean*  of  Naphthalene 

Subliaation  Studies  for  Straight  and  S%>ept  Wings  (continued) 

visualization  photographs.  The  flow  direction  over  the  wing  is  froa  right  to  left 
and  the  SKxiel  spans  the  test  section  fron  floor  to  celling.  The  vertical  white 
band  adjacent  to  the  signboard  is  paint  filling,  as  is  the  similar  spanwlse  band 
at  left  center.  For  this  sublimation  picture,  the  spray  was  applied  from  Just 
behind  the  front  paint  stripe  to  the  extreme  left  of  the  picture.  The  turbulent 
region  is  shown  by  the  dark  area  extending  from  the  center  of  the  picture  down¬ 
stream  (to  the  left).  Transition  for  the  external  sound  field  of  125  db  at  863 
cps  occurred  at  12  percent  chord  with  turbulent  streaks  about  two  inches  apart. 
This  forward  portion  of  the  %dng  had  already  been  found  to  be  critical  to  fre¬ 
quencies  in  the  above  800  cycle  region.  The  two-inch  streak  transition  pattern 
corresponds  to  that  described  in  Reference  38  for  the  laminar  boundary  layer 
breakdown  on  a  flat  plate  following  amplified  Toilmien-Schlichting  waves. 

During  the  early  phase  of  the  siiept  wing  experiments  presiature 
transition  in  the  presence  of  external  sound  was  often  experienced  in  the  region 
downstream  of  surface  static  pressure  orifices  or  open  nonsucking  slots  and  simi¬ 
lar  surface  cavities,  even  though  leakage  out  of  the  wing  surface  had  been 
prevented  and  no  transition  was  observed  in  the  absence  of  sound.  As  an  example, 
the  naphthalene  sublimation  pictures  show  turbulent  iiedges  downstream  of  a  static 
pressure  orifice  and  a  small  hole  in  an  improperly  sealed  slot  when  external  sound 
was  applied  (Figures  103  and  104  ).  Without  sound  these  turbulent  iiedges  did  not 
develop.  During  the  later  stages  of  the  investigation  the  critical  sound  pressure 
for  transition  was  raised  considerably  by  carefully  sealing  the  surface  static 
pressure  orifices  and  nonsucking  slots.  Local  surface  disturbances  which  might 
cause  premature  transition  in  the  presence  of  external  sound  were  periodically 
checked  by  naphthalene  sublimation  observations  and  eliminated  whenever  they 
occurred. 


With  the  swept  wing  model  in  clean  co^'dition,  i.e.,  with  the 
static  pressure  orifices  and  nonsucking  slots  sealed,  the  following  observations 
were  made  when  external  sound  was  applied.  Under  the  influence  of  longitudinal 
and  transverse  sound  of  discrete  frequencies  and  different  bands  of  white  noise 
transition  was  generally  observed  in  the  region  of  the  flat  pressure  distribution 
and  at  the  beginning  of  the  rear  pressure  rise.  With  moderately  strong  sound  of 
discrete  frequencies  the  naphthalene  pictures  (Figures  ICS  to  114  )  show  that 
transition  in  this  case  was  often  preceded  by  the  formation  of  chordwise  stria- 
tions  of  one-eighth  to  one-tenth  of  an  inch  spacing.  These  striations  became 
rapidly  more  pronounced  in  downstream  direction  until  transition  started.  Their 
location  varied  for  different  sound  inputs  and  frequencies.  Figure  1U5  [run  292, 
transverse  sound  (speakers)  of  127  db  sound  pressure  and  200  cps  at  Rc  =  4.1  x  10^, 
striations  between  45  and  49  pcfrcent  chord];  Figure  106  [run  315,  transverse  sound 
(speakers)  of  121  db  and  365  cps  at  >  5.8  x  10^,  striations  between  46  and  50 
percent  chord];  and  Figure  107  [run  304,  transverse  sound  (speakers)  of  129.5  db 
and  667  cps  at  Rc  *  3.8  x  10^,  striations  between  63  and  67  percent  chord]  are 
examples  of  the  striation  pattern  in  the  midchord  region  of  the  wing.*  The 


*Thc  persistence  of  some  naphthalene  downstream  (left)  of  the  transition  region 
in  Figure  103  is  due  to  the  establishment  of  a  laminar  sublayer  in  the  turbulent 
boundary  layer  and  should  not  be  misinterpreted  as  a  return  to  laminar  flew. 
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(5)  Observations  of  the  State  of  the  Boundary  Layer  and 

Transition  with  External  Sound  by  Means  of  Naphthalene 
Subliaation  Studies  for  Straight  and  Swot  Wings  (continued) 

striations  were  usually  aore  clearly  defined  at  lower  Reynolds  numbers,  between 

Rj.  =  6  X  10^  to  8  X  10^;  they  were  observed,  however,  up  to  the  maxisum  test 

Reynolds  number  of  12  x  10^.  The  existence  of  striations  at  other  spanwise 
locations  is  illustrated  in  Figure  108  [run  286,  longitudinal  sound  (transducer) 

of  133  db  and  400  cps  at  R^  *  4.1  x  10^,  transition  at  46  percent  chord  in  the 
upper  and  at  49  percent  chord  in  the  lower  part  of  the  wing,  respectively]. 

The  striations  and  transition  probably  developed  first  in  a 
spanwise  area  of  maximum  sound  output.  Figures  105,  108,  111  and  114  show  quite 
different  transition  locations,  depending  on  the  external  sound  field. 

The  longest  striations,  of  11  percent  chord  length,  are 
recorded  in  Figure  109 [run  290,  transverse  sound  (speakers)  of  123  db  and  400 

cps  at  Rc  -  4.1  X  10^,  striations  between  43  and  36  percent  chord]. 

Without  external  sound  full  chord  laminar  flow  was  maintained 
with  the  front  slots  open  but  without  suction.  In  the  presence  of  external  sound, 
however,  striations  and  transition  were  observed  quite  far  forward  on  the  wing, 
as  illustrated  in  Figure  liu  (run  447,  longitudinal  sound  of  128.3  db  and  1000 

cps  at  Rf  a  8.1  X  10^,  transition  at  9  percent  chord)  and  Figure  111  8  112  ’'run  999, 
transverse  sound  (transducer)  of  130  db  and  1000  cps  at  R^  »  8.1  x  10^,  transition 

at  34  percent  chord  1.  The  most  rearward  location  of  transition  caused  by  chord- 
wise  striations  are  presented  in  Figure  113  vrun  474,  longitudinal  sound  of  130 
db  and  1000  cps  at  R^  =  8.1  x  10^,  transition  at  68  percent  chord)  and  Figure 
114  (run  460,  longitudinal  sound  of  134.5  db  and  781  cps  at  Rc  =  8.1  x  10^, 
transition  at  70  percent  chord). 

The  observed  striations  closely  resemble  those  observed  by 
the  British  (References  >".7  and  and  later  by  NASA  Ames  in  the  front  part  of 
swept  wings  at  high  Reynolds  numbers.  Without  external  sound  full  chord  laminar 
flow  existed  without  striations  within  the  test  Reynolds  number  range.  It  thus 
appears  that  transition  in  the  region  of  the  flat  pressure  distribution  on  a 
swept  laminar  suction  wing  under  the  influence  of  external  sound  of  discrete 
frequencies  was  often  preceded  and  probably  caused  by  the  development  of  closely 
spaced  stationary  chordwise  disturbance  vortices  which  apparently  cause  the 
observed  striations. 


In  many  cases,  especially  with  strong  sound  fields  of  higher 
frequencies  (800  to  1000  cps  at  =  8.2  x  10^  and  sound  pressures  above  130  db) 
and  with  relatively  weak  suction  in  the  front  part  of  the  wing,  rather  regularly 
spaced  turbulent  wedges,  or  stripes,  of  ar proximataly  three-quarters-inch  spanwise 
spacing  developed  in  the  transition  area  (Figures  114  to  119).  The  stripes  bear 
a  marked  resemblance  to  the  ultimate  breakdown  of  two-dimensional  flow  oi.  the 
straight  wing.  Figure  The  stripes  were  particularly  well  developed  at 

sound  frequencies  which  roughly  coincided  with  the  frequencies  for  amplified 
oscillations  in  the  tangential  boundary  layer  flow  upstream  of  transition,  i.e,, 
with  increasing  wing  chord  Reynolds  numbers,  these  stripes  were  generally  more 


(5)  Obtervatlon*  of  the  State  of  the  Boundry  Laver  and 

Traniltion  %rith  External  Sound  by  Means  of  Naphthalene 

Studl»>  for  Straight  and  S%iept  Wings  (continued) 

pronounced  «t  the  higher  sound  frequencies,  and  vice  versa.  A  series  of  runs  at 
increasing  sound  pressure  levels  of  123,  127,  130  and  133  db  tiith  the  longitudinal 

transducer  sound  source  at  800  cps  and  Rc  ■  8.1  x  10^  with  transition  at  30,  49, 

48  and  44  percent  chord,  respectively,  are  shown  on  Figures  113  to  118.  Coexis¬ 
tent  stripes  and  striations  are  shown  in  Figure  119  ( loi^itudinal  transducer, 

134  db,  783  cps,  «  8.1  x  10^,  striations  at  63  to  66  percent  c'nord  above, 

stripes  at  44  to  49  percent  chord  below,  run  333).  This  stripe  pattern  transi¬ 
tion  on  the  swept  wing  is  not  fully  identical,  however,  to  the  straight  %ring 
transition  because  the  stripes  were  preceded  by  chordwise  striations  of  one- 
eighth  to  one-tenth  inch  spanwlse  spacing  (Figure  112),  indicating  the  siaul- 
taneous  existence  of  closely  spaced  chordwise  disturbance  vortices. 

Under  the  influence  of  external  sound,  according  to  tran¬ 
sition  observations  by  neans  of  naphthalene  sublination  studies  and  hot  wire 
■easurenents,  transition  started  in  the  swept  wing  boundary  layer  at  a  consider¬ 
able  distance  frosi  the  vii^  surface  idien  transition  resulted  frosi  the  instability 
of  boundary  layer  crossflow.  In  other  tfords,  transition  due  to  boundary  layer 
crossflow  instability  occurred  sonewhat  earlier  in  the  outer  regions  of  the 
boundary  layer  than  the  naphthalene  sublination  pictures  would  Indicate.  This 
sane  observation  ms  previously  made  during  the  first  low  drag  suction  experiments 
on  the  saeie  30 **  swept  low  drag  suction  t#ing  in  the  Michigan  3-  by  7-foot  low- 
turbulence  wind  tunnel  (Reference  69).  Siailarly,  on  a  rotating  disc,  where 
transition  is  caused  by  the  instability  of  boundary  layer  crossflow,  the  second 
author  observed  the  beginning  of  transition  (by  means  of  stethosco^v.)  at  a 
considerable  distance  from  the  wall.  The  start  of  transition  in  a  crossflow 
boundary  layer  at  such  relatively  large  distances  from  the  wall  is  probably  a 
result  of  the  strong  amplification  of  boundary  layer  oscillations  in  the  critical 
layer  of  the  crossflow  boundary  layer  in  the  vicinity  of  the  inflection  point  of 
the  crossflow  profile  (Reference  6  ). 

Transition  usually  was  not  observed  on  the  s%rept  %ring  in  the 
region  of  the  rear  pressure  rise  in  the  presence  of  external  sound,  except  at 
high  sound  frequencies  (3300  to  4000  cps)  with  the  rear  surface  static  pressure 
orifices  open,  or  with  isarginal  suction  in  the  region  of  the  rear  pressure  rise 
when  presiature  transition  in  the  rear  part  of  the  wing  had  already  occurred 
without  sound.  When  suction  between  63  and  72.3  percent  chord  was  considerably 
reduced  below  the  minimum  for  full  chord  laminar  flow,  transition  occurred 
between  90  and  94  percent  chord  both  with  and  without  external  sound  (Figure  124). 
In  this  case  transition  in  the  rear  part  of  the  swept  wing  was  not  appreciably 
affected  by  the  external  sound  field. 

With  optimum  suction  for  minimum  drag,  regular  chordwise 
streaks  of  approximately  ona-third  to  one-half  inch  spanwise  spacing  at 

Rf  ■  8.1  X  10^  and  3.8  x  10^,  respectively,  were  observed  betMen  the  wing 

trailing  edge  and  approximately  the  73  percent  chord  station  (Figures  120  end 
I  21).  These  streaks  developed  with  and  without  oxternal  sound  on  the  swept 
wing  but  were  not  observed  on  the  straight  %ring.  No  external  sound  field  was 
applied  for  Figure  122.  With  increasing  sound  pressure  there  was  a  tendency 
for  turbulent  wedges  to  develop  from  the  more  pronounced  streaks  (Figures  120 
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Transition  with  External  Sound  by  Means  of  Naphthalene 
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and  121 ).  At  121  db  (Figure  123)  striations  and  transition  occurred  around  50 
percent  chord  in  the  center  of  the  wing,  while  the  one*hal£  inch  spaced  streaks 
are  still  visible  in  the  upper  portion  of  the  wing.  With  increased  suction  in 
the  region  of  the  rear  pressure  rise  the  streaks  disappeared. 

Transition  with  white  sound  occurred  without  developing 
any  chordwise  striations  or  regularly  spaced  turbulent  wedges.  For  exaaple. 
Figure  123  shows  a  naphthalene  sublimation  picture  for  the  swept  wing  with 
longitudinal  sound  of  300/600  cps  and  129.3  db  sound  pressure  (run  310)  at  a 
wing  chord  Reynolds  number  R^.  =  5.8  x  10^.  Transition  occurred  at  63  percent 
chord . 


Under  certain  conditions  transition  occurred  in  a  different 
manner,  as  discussed  previously.  The  naphthalene  sublimation  picture,  Figure 
126,  shows  chordt/ise  striations  of  one*quarter  inch  spacing  between  6  and  9 
percent  chord  originating  from  the  location  of  the  suction  holes  in  the  inner 
wing  skin  located  directly  underneath  the  third  suction  slot  at  the  5  percent  c 
chord  station.  Transverse  sound  of  800  cps  and  134  db  sound  pressure  was 

applied  at  R^  =  8.1  X  10^.  No  suction  was  applied  through  the  forward  slots, 
which  were  left  open.  The  transition  pattern  was  probably  caused  by  the  action 
of  intermittent  in  and  out  flow  of  the  suction  holes  from  the  chamber  underneath 
When  the  suction  holes  were  displaced  in  chordwise  direction  %nth  respect  to  the 
corresponding  slot,  no  striations  were  observed  downstream  of  these  holes  in  the 
presence  of  sound.  This  appears  to  duplicate  the  effect  recorded  %rith  strong 
internal  sound  fields  on  Figures  149  to  152  and  discussed  in  the  chapter  on 
internal  sound  (Part  9). 


(6)  Hot  Wire  Observations  on  the  Straight  Wing 


Although  voltmeter  readings  were  often  taken,  BK>st  of  the 
hot  wire  readings  were  recorded  by  means  of  photographs  of  the  oscilloscope 
traces.  Hot  wire  photographs  from  the  forward  portion  of  the  wing  for  runs 
without  suction  for  various  wing  chord  Reynolds  numbers  and  chord  stations  are 
presented  in  Figure  127.  Each  photograph  contains  three  sets  of  traces.  The 
clean  sine  wave  trace  is  the  reference  frequency  of  500  or  100  cps  and  the  super 
imposed  irregular  trace  is  the  hot  wire  signal,  proceeding  from  left  to  right. 
The  amplifier  noise  causes  the  very  short  period  oscillations  on  the  hot  wire 
signal  that  are  particularly  evident  in  the  low  Reynolds  number  data  where  a 
higher  amplifier  gain  was  necessary  to  make  the  boundary  layer  fluctuations 
evident.  By  comparison  to  the  frequency  reference  signals,  the  boundary  layer 
oscillations  are  found  to  correspond  to: 


Frequency,  cps 

Percent  Chord 

Chord  Reynolds  number 

330 

11.4 

8.4  X  10^ 

320 

12.9 

8.4  X  10° 

310 

15.7 

8.4  X  10° 

443 

15.7 

11.5  X  10° 

750 

11.4 

14.2  X  10^ 

850 

11.4 

16.4  X  10^ 
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(6)  Hot  Wir«  Ob— nratiom  on  thg  Straight  Wing  (continued) 


On  Figure  128  the  nondlMnaionel  frequency  wee  plotted  versue  the  boundary  layer 
Reynolds  nuad>er  for  these  data  points*  The  solid  line  curve  on  Figure  128  is  the 
neutral  curve  for  the  Blasius  flat  plate  profiL".,  according  to  Brown  (Reference 
6  ).  For  the  present  case*  the  flow  acceleration  over  the  nose  of  the  4-percent 
wing  givee  a  aore  stable  profile.  The  dotted  line  neutral  curve  on  Figure  128 
was  estioMtod  to  be  applicable  to  the  present  data.  As  one  would  expect*  the 
oscillations  neasured  in  the  boundary  layer  fall  in  the  naxinun  aaplification 
portion  of  the  instability  region.  These  laainar  boundary  layer  oscillations 
have  a  distinct  reseablance  to  the  Isainar  boundary  layer  oscillations  on  a  flat 
plate  as  recorded  in  Figures  9  and  10  (Reference  48).  The  stabilizing  power 
of  auction  «#as  clearly  deaonstrated  when  these  boundary  layer  oscillations 
disappeared  conpletely  upon  the  application  of  very  snail  anounts  of  suction. 

The  hot  wire  data  for  the  straight  wing  under  the  influence 
of  external  sound  are  presented  in  Figures  129  to  138.  Figures  129*  130  and  131 
show  oscillograph  records  for  hot  wires  in  the  boundary  layer  at  a  height  of 
0.073-inch  with  a  2^i8  cps*  105*  110*  and  IIS  db  external  sound  field  for  various 
chord  locations  fron  46*5  to  74.8  percent  c.*  For  this  248  cycle  case  the  varia¬ 
tion  of  anplif ication  with  tine  was  part^.cularly  pronounced*  giving  the  hot  ifire 
response  the  overall  appearance  of  a  nodulated  wave.  As  the  flow  was  observed 
at  higher  external  sound  pressures  or  further  dotmetrean*  the  areas  of  high 
anplif ication  grew  rapidly  to  the  characteristic  turbulent  spots  that  precede 
transition.  In  this  case*  full  transition  occurred  very  soon  after  the  forma¬ 
tion  of  turbulent  spots.  The  turbulent  regions  appeared  as  blanks  in  the  hot 
wire  trace  because  the  uplitudes  and  frequencies  were  too  great  to  show  at  the 
oscilloscope  settings  used.  The  suction  distribution  used  for  these  runs  was 
adjusted  for  no  transition  ahead  of  45  percent  chord  with  external  sound*  for 
no  transition  without  sound  at  45  to  52  percent  chord*  and  at  a  medium  suction 
level  from  52  percent  chord  aft.  The  resulting  suction  (Figure  132)  was*  then* 
weakest  from  45  to  52  percent  chord.  As  evidenced  on  the  last  photograph  of 
Figure  130*  particularly*  the  oscillations  that  did  nut  grow  enough  to  cause 
turbulent  spots  in  the  weak  suction  region  were  rapidly  damped  further  downstream. 
To  illustrate  this  point*  the  values  of  u'/Uo,  for  the  various  sound  pressure  levels 

of  external  sound  avaiable  at  248  cps  were  plotted  versus  x/c  on  Figure  133.  Tba 
solid  lines  on  the  figure  show  the  values  for  the  most  amplified  portions  of  the 
hot  wire  signal*  while  the  dotted  curves  are  taken  from  the  average  signal  levels 
bet%#een  the  peaks.  The  discontinuance  of  a  solid  curve  represents  the  formation 
of  the  first  turbulent  burst*  while  the  discontinuance  of  a  dotted  curve  (before 
70  percent  c)  indicates  fully  turbulent  flow.  The  interesting  feature  of  this 
figure  is  that  the  laminar  oscillations  in  the  boundary  layer  were  strongly  damped 
beyond  about  65  percent  chord.  The  damping  was  probably  due  to  a  coaibination  of 
the  increased  suction  behind  52  percent  chord  end  the  evidence  of  Figures  121  to 
124,  supporting  the  stability  theory  prediction  that  248  cps  fluctuations  would 
be  damped  in  the  aft  portion  of  the  wing. 

The  last  photograph  of  Figure  130*  depicting  intermittent  tur¬ 
bulent  bursts  spaced  by  unamplified  laminar  oscillations*  is  now  clearly  inter¬ 
preted  as  a  typical  hot  wire  record  of  a  partially  laminar  boundary  in  a  stable 


*In  these  and  the  remaining  oscilloscope  photographs  the  reference  frequency  trace 
appears  below  the  hot  wire  signal  and  the  second  and  third  records  are  shown  at 
a  much  slower  sweep  rate  to  give  a  longer  record  of  the  varying  response. 
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(6)  Hot  Wire  Observation#  on  the  Straight  Wing  (continued) 


region  that  is  downstrean  fron  a  critical  region  where  turbulent  6(>ot8  have 
developed.*  In  addition  to  2^  cps»  all  oth<?r  sound  frequencies  that  gave 
any  transition  were  run  for  the  suction  distribution  of  Figure  )32.  Since  the 
transitions  at  other  frequencies  were  similar  to  the  248  cps  except  for  the  fact 
that  they  occurred  at  a  higher  sound  pressure  level,  the  oscilloscope  photographs 
are  not  included  in  this  report,  ^igure  134,  however,  shows  the  critical  sound 
particle  velocity  ratio  external  sound  required  Co  cause  tran¬ 

sition  plotted  against  chord  sc.itlon  for  these  other  frequencies.  The  uiitagged 
symbols  represent  transition  povitlons  as  determined  by  the  total  head  rake  and 
the  tagged  symbols  by  hot  wire  observations.  The  same  data  are  presented  again 

in  the  form  of  (u'/U„)  to  cause  transition  vs  sound  frequency  in  Figure  135. 

crit 

The  discrete  frequercy  curve  here  suggests  that  a  frequency  below  2<«8  cps  might 
be  more  critical.  Discrete  frequencies  at  200  cps  and  below  have  generally  been 
avoided,  however,  because  they  seemed  to  cause  an  increase  In  the  wind  tunnel 
turbulence  level  that  lasted  for  a  matter  of  several  minutes.  Nevertheless^  iii 
view  of  the  octave  band  random  noise  data  which  consistently  showed  earlier  tr  in- 
sltlon  on  Figure  135  for  the  300/600  band  than  for  the  150/300  band,  transition 
occurring  below  248  cps  oxist  have  developed  at  a  generally  higher  level  of 
external  acnind  pressure.  From  the  data  on  Figure  135,  one  concludes  that  the 
fflldchord  portion  of  the  wing  was  again  most  sensitive  to  a  frequency  range  of 
about  200  to  500  cps. 


Chordwise  traverses  from  9.2  to  28.8  percent  chord  <were  also 
conducted  with  the  hot  wire  located  at  a  distance  of  0.044  inch  above  the  surface 

for  R(.  >  14.2  X  10^  with  medium  suction  forward  and  high  suction  over  the  rest 

of  the  wing.  Under  these  conditions  it  was  possible  to  obtain  transition  over  a 
frequency  range  from  384  to  1005  cps  for  the  existing  boundary  layer  conditions. 
Figure  136  shows  the  external  disturbance  level  ^u'/Uge)^^^^  required  to  cause 

transition  as  a  function  of  chordwise  location  of  transition.  The  frequency 
dependence  of  transition  is  presented  in  Figure  137  ,  where  the  critical  dis¬ 
turbance  level  va.e  plotted  vs  frequency.  Although  the  dependence  of  transition 
on  frequency  was  not  strong  on  Figure  137,  transition  did  occur  at  lower  exter¬ 
nal  sound  disturbance  levels  for  500  to  900  cps. 

Figure  138  shows  pictures  of  the  boundary  layer  oscillations 
for  120  db  of  775  cps  external  sound.  The  amplified  laminar  oscillations  on 
Figure  138  were  uniform  within  15  percent  of  the  mean  value.  Both  this  uniform 
type  and  the  modulated  type  nf  amplified  oscillations  (Figures  129  to  131) 
occurred  on  the  swept  wing  as  well  as  on  the  straight  wing  without  any  apparent 
dependency  on  frequency  or  w  lord  location.  Since  the  slots  in  this  forward  por- 
tior  of  the  straight  wing  were  more  than  2  percent  chord  --  or  four  Inches  -- 
apart  (Table  1.'.  ),  the  boundary  layer  oscillations  can  be  expected  to  appear 

alternately  grown  or  damped  on  Figure  138,  according  to  whether  they  were  observed 
ahead  of  or  behind  a  slot.  As  a  esuit,  Flgi  re  138  is  not  necessarily  a  reliable 
indication  of  the  local  chordwise  amplitude  trend  of  the  boundary  layer  osc«. na¬ 
tions.  In  addition,  the  oscillograpa  records  were  too  short  to  give  an  adequate 


♦Also  see  the  swept  wing  hot  wire  record  (Figure  140)  and  discussion  in  the 
next  chapter  (Part  7). 


(6)  Hot  Mir*  Obt^rvtion*  i>a  the  Straight  Wii>a  <contimi«d) 


r«cord  of  th«  froqucoc^  for  th«  occurronce  of  turbulent  «pcts.  For  evisple, 
elthc^tgh  the  pfiotogrephe  for  15.6  end  28.8  percent  chord  Appeared  to  $how  mart 
fre<tuenr  turbulent  bursts  then  &t  19*8  end  24.6  percent  chord,  ccncurrent  visuel 
observetions  Indicated  the  seaie  frequency  of  bursts  downstreen  of  13.6  percent: 
chord  end  ft©  bursts  et  9,2  or  12.1  peicent  chord.  The  tw:>  signiflcaj^t  features 
of  Figure  136  are  that  the  turbulent  spots  occurred  between  12.1  anc  15.6  percent 
chord  and  that  the  spots  were  spreading  out  by  28.6  percent  chord  under  the  influ* 
ence  of  the  120  db,  775  eps  external  sound  field.  The  chordwlxe  a^mtion  of 
transition  for  this  775  cps  external  sound  case.  Figure  136,  at  low  sound  pres¬ 
sure  levels,  figure  139,  iiois  thus  the  result  of  spreading  turbulent  spats  frc»  a 
critical  r^ion  upstream. 

17)  Hot  Wire  Observations  on  the  Swot  Wine 

Before  any  stnspt  wing  quantitative  wire  : leadings  were 
made,  a  series  of  oscilloscope  pictures  were  taken  at  various  locations  in  the 
wing  boundary  ^ayer  for  a  wide  variation  of  suction  and  boundary  layer  conditions. 
Figure  179  Is  an  oscilloscope  phot<^raph  of  the  >.ot  wire  signal  superimposed  on 
the  constant  assplirude  input  sound  field  signal.  This  particular  record  is  from 
a  u*  %rlre  at  0*55  c  in  a  449-cycIe  sound  field  for  sound  pressure  levele  of  125 
db  at  the  top,  126  db  in  Che  middle  and  127  db  at  the  bottom  of  Figure  139,  Low 

auction  was  appliad  at  »  5,8  x  10^  <Cq  »  3.69  x  10*^)  the  first  five  slots 

sealed.  This  particular  picture  is  of  interest  because  the  bottom  record  at  127 
db  caught  the  changing  phase  of  an  amplifying  oscillation.  A  lortger  record  at 
this  condition  would  characteristically  show  amplified  oscillations  of  increasing 
ami  iecrea.?tng  magnitude  without  any  transitior..  As  the  sound  level  «ms  Increased, 
amplified  oscillations  exceeded  a  critical  magnitude  and  turbulent  spots  were 
observed  In  the  boundary  layer.  At  still  higher  sound  levels  the  turbulent  spots 
merged  together »  and  fully  developec'  turbulent  flow  ves  then  observed  %dth  the 
hot  wire. 


The  scope  traces  on  Figure  140  were  obtained  with  a  hot  vire 
located  at  the  0,9  c  station  and  are  tyical  of  the  start  of  transition  in  the 
region  ^>f  the  rear  pressure  rise.  Here,  the  trace  is  again  from  left  to  right, 
but  the  sweep  rate  has  been  decreased  to  obtain  a  longer  time  interval  record. 

At  the  0.9  c  chord  location  the  disturbances  in  the  boundary  layer  were  turbulent 
spots  which  «N!re  not  preceded  by  locally  amplified  boundary  layer  oscillations. 
These  spots  presumably  had  their  origin  in  the  occasional  occurrence  of  an  ampli¬ 
fied  boundary  layer  oscillation  In  the  midchord  region  of  the  wing  while  the 
intermediate  amplified  oscillations  were  daBq;>ed  out  by  the  relatively  strong 
suction  in  the  region  of  the  rear  pressure  rise  (see  Figure  130,  also). 

As  the  external  sound  field  was  increased  above  that  of 
Figure  1^»0,  more  turbulent  spots  originated  in  the  region  of  the  flat  pressure 
distribution,  and  tha  existing  spots  spread  until  the  flow  was  completely  tur¬ 
bulent.  The  above  suggestion  that  the  cause  of  transition  on  the  aft  wing  is 
a  result  of  amplified  oscillations  in  the  midchord  region  is  supported  by  the 
experimentally  observed  fact  that  laminar  flow  can  be  re-establ^  bed  by  sta¬ 
bilising  the  boundary  layer  in  the  region  of  the  flat  pr«ssi;re  distribution  by 
means  of  increased  suction  in  the  0.2  to  0.6  c  portion  of  the  wing. 
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{?)  Hot  Wire  Ob»crvatlon«  on  the  Swept  Wtna  (continued) 


Figure  141  shows  a  typical  plot  of  the  velocity  fluctuation 
u'/U  in  the  laainar  IxKindary  layer  versus  the  distance  from  the  surface  for  vari¬ 
ous  stations  x/c  at  «  8rl  x  10^  in  the  presence  of  longitudinal  sound  of  400 

cps  £re<{uency  with  ainlmut  suction.  Here  the  sound  pressure  was  increased  until 
transition  started.  In  the  region  of  the  flat  pressure  distribution  of  45  per¬ 
cent  chord  the  ratio  u'/U  of  the  tangential  velocity  fluctuations  u*  reached 
aaxltnuia  values  of  one  percent  of  the  local  potential  flow  velocity  U  in  the 
vicinity  of  the  %fing  surface.  The  saxlniui  values  w'/U  of  the  velocity  fluctua¬ 
tion  v*  In  the  crossflow  direction  were  generally  somewhat  eaaller  than  the 
corresponding  ratios  u'/U.  With  Increasing  distance  y  from  the  tring  surface, 
u'  decreased  rapidly  to  the  approximate  values  for  the  sound  particle  velocity. 

It  is  not  certain  whether  or  not  the  fluctuations  toward  the  edge  of  the  boundary 
layer  were  180*’  out  of  phase  with  the  fluctuations  close  to  the  wall. 

At  a  result  of  the  presence  of  standing  waves  in  the  test 
section,  the  sound  pressure  at  the  hot  wire  location  evaluated  from  the  hot 
wire  readings  did  not  always  correlate  with  the  reference  sound  pressure  as 
aeasured  by  the  reference  alcrophone. 

The  fluctuation  aeacurementa  of  u'  and  w'  i^  the  boundary 
layer  in  the  region  of  the  rear  pressure  rise  at  90  percent  chord  showed  similar 
results  as  at  the  45  percent  chord  station.  The  observed  velocity  fluctuations 
at  this  location,  however,  were  considerably  smaller  than  those  in  the  region  of 
the  flat  pressure  distribution,  particularly  at  high  sound  frequencies.  At  the 
90  percent  chord  station  the  strongest  velocity  fluctuations  were  usually  observed 
at  rather  lew  sound  frequencies  (150/300  cps).  At  lower  frequencies  incraasing 
suction  did  not  appreciably  change  the  velocity  fluctuations  in  the  boundary  layer 
at  the  90  percent  chord  station.  At  higher  sound  frequencies  u'/U  and  w'/U  decreased 
somewhat  with  increasing  suction. 

(8)  Influence  of  Internal  Sound  in  a  Suction  Duct  on  the 

Straight  Wing 

Boundary  layer  transition  oay  be  caused  by  internal  noise  and 
standing  sound  waves  in  the  suction  duct.  In  order  to  investigate  the  influence 
of  internal  sound  on  the  behavior  of  an  unswept  laminar  suction  wing,  preliminary 
experiments  were  conducted  on  the  influence  of  Internal  sound  disturbances, 
generated  in  a  suction  chamber  of  the  17>foot  chord  straight  laminar  suction 
wing,  on  the  behavior  of  the  boundary  layer  on  this  wing.  Sound  from  six 

speakers  was  introduced  into  chamber  number  9,  which  includes  seven  suction 

slots  located  from  x/c  *  0.456  to  0.518  (Figure  66  ).*  The  Internal  sound  field 
was  surveyed  by  moving  a  microphone  attached  to  a  long  rod  along  the  suction 
chamber.  At  discrete  frequencies  of  228,  582,  1221,  1611  and  4147  cps  strong 
standing  sound  waves  existed  due  to  reflection  from  the  end  bulkhead,  which  was 

perpendicular  to  the  suction  chamber  axis.  For  octave  bands  of  white  noise  the 

sound  pressure  level  was  quite  uniform  along  the  duct.  The  reference  alcrophone 
reading  for  internal  sound  was  taken  at  a  station  which  indicated  a  peak  sound 
pressure  level  for  the  discrete  frequencies. 


♦This  experimental  setup  was  designed  by  T.  R.  Rooney,  Noralr  Dynamics  group. 


(S)  Influw  of  lofrml  Sound  In  %  Suctlgn  Pact  on  the 
Straight  Wlnt  (continuad) 

Tba  data  for  xuns  with  Internal  sound  In  chaaber  9  are  pre¬ 
sented  In  Figures  142  to  132.  The  critical  sound  pressure  and  the  corresponding 
critical  sound  particle  velocity  ratio  ^**/^«^crlt  ^***^”^^  plane  sound  t#aves) 

for  transition  were  plotted  versus  sound  frequency  for  various  wing  chord  Reyn¬ 
olds  nuaber  and  chordwlse  auction  distributions  on  Figures  142  to  148.  These 
figures  Indicate  that  the  critical  sound  pressure  level  for  transition  had  a 
alnleua  in  the  frequency  range  froa  100  to  600  cycles.  This  critical  frequency 
band  for  the  aldchord  portion  of  tbs  wing  correlates  with  the  external  sound 
field  results  and  with  the  frequencies  for  ai^>llfled  chord%d.se  boundary  layer 
oscillations.  As  with  external  noise.  Increased  auction  had  a  powerful  sta¬ 
bilising  effect,  rapidly  raising  to  higher  values  the  critical  sound  pressure 
for  transition. 


On  Figures  142  to  145  the  overall  suction  level  has  been 
raised  to  nalntaln  Isalnsr  flow  under  the  Influence  of  internal  sound  disturbances, 
while  Figures  146  to  148  show  the  local  suction  Increases  necessary  for  the  aaln- 
tenance  of  full  chord  laainar  flow  in  the  presence  of  increased  internal  sound. 

For  a  practical  case  where  all  ducts  would  have  coo|>arable  sound  pressure  levels, 
the  increased  overall  suction  level  (Figures  142  to  145)  %fOuld  generally  give  a 
better  Indication  of  the  suction  re<;iulreaents  than  the  locally  increased  suction 
(Figures  146  to  148). 


Very  high  peak  sound  pressure  levels  were  attained  with  sound 
of  discrete  frequencies  as  a  result  of  stiuKiing  waves.  With  these  strong  stand¬ 
ing  waves  the  effectiveness  of  Increased  suction  was  reduced  to  the  point  where 
a  large  Increase  In  suction  was  necessary  to  aalntaln  full  chord  lasdnar  flow. 

A  subllaatlon  check  at  150  db,  582  cps  (Figures  149  and  130)  gave  visual  repre¬ 
sentation  of  the  transition  pattern  for  this  very  strong  standing  wave  disturbance. 
Transition  originated  In  the  regions  of  aaxlaua  sound  pressure  of  the  standing 
wave  opposite  the  one-half  Inch  spaced  row  of  holes  that  provided  a  passage  froa 
the  snail  plemas  chaabers  under  the  slots  Into  the  suction  chaabers  (Figure  63  ). 
Opposite  each  hole  there  were  two  streaks  that  developed  Into  turbulent  wedges 
further  downstreaa  In  the  saae  Banner  as  transition  froa  three-dlaenslonal  rough¬ 
ness  particles.  These  streaks  that  are  attributed  to  trailing  vortex  pairs  were 
observed  by  Goldsalth  and  Meyer  to  originate  froa  sucking  or  pulsating  flow 
through  a  hole  (Reference  97).  In  one  case  during  the  swept  wing  acoustical 
tests  (Figure  126),  transition  also  originated  froa  the  holes  under  the  slot 
for  very  strong  external  sound  disturbances  when  the  slot  and  holes  were  In  line. 
The  holes  under  the  0.005-lnch  slots  In  chaaber  9  were  0.031-lnch  In  dlaaeter 

for  the  forward  slot  and  0.029- Inch  for  the  rest.  The  transition  zones  at  the 

bottoa,  alddle  and  top  of  Figures  149  and  130  Initiated  froa  slots  28,  29  and 
30,  which  are  In  Una  with  the  drilled  holes. 

Figures  131  and  132  were  taken  at  Internal  sound  pressure 
levels  of  146  and  159  db  for  200  cps.  Transition  was  clearly  siallar  to  Figures 
149  and  150.  For  the  very  high  SPL  of  Figure  132  soae  Inter  ng  additional 

features  appear.  Transition  In  the  aldspan  portion  of  the  wiug  initiated  froa 

the  first  slot  In  chaaber  9  (slot  nuaber  24),  which  has  the  holes  displaced  a 
little  Bore  than  the  hole  radius  froa  the  slot  centerline.  With  the  aligned 
slot  and  hole  pattern  of  slots  28  and  29  (Figure  131)  transition  existed  at  146 
db.  For  this  particular  case,  then,  offsetting  a  hole  by  one  radius  allowed  a 
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(8) 


Influence  of  Intern*!  Sound  in  »  Suction  Duct  on  the 
Straight  Wlna  (continued) 

13  db  increase  in  disturbance  level,  in  addition,  at  the  bottoa  of  the  picture, 
soae  vortex  streaks  ii.xtiated  froa  slot  nuaber  23,  the  last  slot  of  the  upstreaa 
chaaber  (nuaber  8),  which  did  not  have  any  directly  introduced  internal  sound 
disturbance.  The  holes  at  slot  23  %#ere  again  directly  below  the  slot  in  the 
region  of  transition.  At  the  saae  tiae,  there  is  no  transition  in  the  lower 
region  froa  slots  24,  25,  26  and  27,  which  are  in  chaaber  9,  but  have  holes 
offset  by  at  least  one  hole  radius.  Finally,  downstreaa  of  the  lower  transition 
pattern  the  disturbances  froa  the  holes  toward  the  bottoa  of  slots  28  and  29  are 
evident  in  the  thin  fila  of  naphthalene  remaining  in  the  laainar  sublayer.  The 
conclusion  froa  Figures  149  to  132  ig  that  at  the  extreaely  high  disturbance 
levels,  idiere  direct  transition  due  to  puaping  action  through  the  holes  and  slots 
occurred,  transition  was  delayed  considerably  when  the  drilled  holes  were  offset 
froa  the  corresponding  slot.  Although  this  direct  transition  is  at  an  internal 
sound  level  well  above  any  that  would  probably  be  allowed  in  an  actual  design, 
the  hole  offset  effect  very  likely  influenced  transition  due  to  internal  sound 
at  lower  pressure  levels.  In  any  case,  in  the  construction  of  laainar  flow  sur¬ 
faces,  the  holes  and  slots  should  be  offset  tdtenever  there  is  a  possibility  of 
strong  sound  fields  and  standing  saves. 

(9)  Influence  of  Mechanical  Vibrations  of  the  Externa  i  Wing 

Surface  on  Transition  on  a  Straight  Low  Drag  Suction  Wing 

Considerations  of  the  type  of  structure  conteaplated  and  a 
survey  of  existing  data  on  flying  airplanes  indicated  that  peak  panel  accelera¬ 
tions  of  about  lOg  in  the  100  to  1000  cycle  frequency  range  could  be  expected. 

The  question  then  arises  as  to  the  influence  of  aech^ical  vibrations  of  the 
external  wing  surface  on  the  behavior  of  a  laninar  suction  wing.  In  order  to 
answer  this  question  for  an  unswept  laainar  suction  wing,  low  drag  suction  experi- 
aents  were  conducted  to  check  the  feasibility  of  exciting  panel  vibrations  on  the 
present  17-foot  chord  wing.  After  the  tvro  spars  adjacent  to  chaaber  nuaber  9 
were  disconnected  froa  the  supporting  structure  to  provide  a  acre  flexible  wing 
structure,  the  wing  vibration  modes  were  obtained  in  the  BLC  shop,  using  a 
standard  vibration  exciter.  Since  nearly  two-diaensional  panel  aodes  of  wore 
adequate  acceleration  were  obtained,  a  high-speed,  d.c.  motor-driven,  recipro¬ 
cating  aass  shaker  was  installed  in  a  cutout  in  the  spar  web  iaaediately  upstream 
of  chaaber  number  9.  The  acceleration  was  controlled  by  using  shafts  of  differ¬ 
ent  eccentricity  to  drive  the  oscillating  mass  while  the  frequency  was  set  by 
regulating  the  supply  voltage  to  the  d.c.  oMtor.  The  siotor  power- liaited  the 
shaker  to  about  260  cps  frequency  and  46g  peak  panel  acceleration  for  inter¬ 
mittent  operation.  For  the  high  accelerations  (large  shaft  eccentricity)  the 
wave  forms  were  reasonably  sinusoidal,  but  for  the  allayed  excitation  in  the  case 
for  lOg  at  100  cps  (small  shaft  eccentricity)  the  accelerometer  response  had  a 
large  content  of  higher  harmonics.  Although,  for  the  above  reasons,  the  test- 
measured  values  of  acceleration  and  frequency  are  somewhat  nebulous,  the  values 
did  correspond  to  repeatable  conditions  of  model  response  because  the  internal 
vibrator  speed  settled  out  at  the  natural  frequencies  of  the  structure.  Although 
mode  sluipes  were  again  determined  with  the  Internal  shaker  prior  to  model  instal¬ 
lation  In  the  tunnel,  the  frequencies  were  not  repeatable  with  the  model  mounted 
in  the  wind  tunnel.  For  the  wind  tunnel  expet iment,  then,  the  accelerations  were 
determined  by  searching  out  the  peaks  with  a  roving  accelerometer  pickup,  and  no 
tiae  was  available  to  redefine  the  complete  mode  shapes.  According  to  this  brief 
survey,  modes  of  vibration  at  100,  190  and  240  cps  were  reasonably  two-dimensional. 


(9)  laflMuct  of  Vlbrationt  of  tb»  faf  rn^l  Wtat 

Snrtmi^  tm  on  >  Strmfht  Lot  Dtm  Suctl«  WlM 

(continued) 

Tb*  data  for  theta  praliainary  experiaental  invettigaticnt 
on  the  Influence  of  Mirface  vibration  on  transition  are  presented  in  Figures 
153  Co  151  'in  all  instances  of  lOg  peak  acceleration  or  sore,  suction  had  to 
be  increased  above  the  niniaeMe  drag  value  to  naintain  full  chord  laainar  flow. 
Figure  153  shows  the  increase  in  suction  quantity  and  drag  that  applied  to  the 
4« percent- thick  straight  %ring  %^n  full  chord  laminar  flow  was  re-established 
in  the  presence  of  su  rface  vibr«cIons  by  raising  the  suction  level  over  the 
whole  wing,  whereas  Figures  154  to  157  give  the  saae  data  for  cases  where  the 
suction  distribution  was  locally  adjusted.  In  the  case  of  vibration  excitation, 
in  contrast  to  the  internal  sound  case,  the  disturbance  was  tranSKitted  through 
the  structure  to  the  forward  part  of  the  wing  to  require  suction  increases  %fell 
upstream  of  point  of  excitation  as  evidenced  on  Figures  154  to  157.  For  a  peak 

panel  velocity  ratio  v'/U»  *  20  x  10*\  the  maintenance  of  full  chord  laminar 
flow  by  raising  suction  level  required  a  24  percent  increase  in  suction  coeffi¬ 
cient  Cq  and  a  correq>onding  5  percent  increase  in  equivalent  drag,  Cd^,  compared 

to  a  case  with  no  vibration  (Figure  153).  With  the  suction  applied  or  individual 
chambers  as  required,  the  suction  quantity  and  equivalent  drag  increased  an  aver¬ 
age  of  about  5  percent  and  1  percent,  respectively.  Since  panel  velocity  ratios, 

v'/U,M  the  order  of  2  x  10*^  are  possible,  the  present  preliminary  vibration 

investigation  indicates  that  some  additional  suction  might  be  required  for  thin 
straight  wing  laminar  auction  aircraft. 

(10)  meets  ef  internal  Seund.  Kxtenaal  Scued.  and 

Sitsim  Vibration  on  a  Straight  Wina 

Figures  158  and  159  show  the  combinel  disturbance  effects 
of  internal  sound,  external  sound,  arid  panel  vibration.  Up  to  this  point  inter¬ 
nal  sound,  external  sound,  and  vibration  had  been  applied  to  the  straight  wing 
model  separately  wo  note  their  influence  on  transition.  Of  course,  the  model 
response  to  each  of  the  input  disturbances  involves,  to  a  lesser  degree,  the 
modes  of  the  other  two  disturbances.  For  example,  the  external  anind  caused 
internal  noise  in  the  duct  and  excited  some  panel  vibration,  etc.  Figure  158 
shows  in  block  diagram  form  the  increase  in  auction  level  above  minimum  drag 
suction  required  to  maintain  laminar  flow  at  various  levels  and  combinations  of 
the  three  different  disturbances.  Several  features  of  combined  effects  are 
evident  here.  First,  where  one  disturbance  was  predominant,  the  required  suc¬ 
tion  to  naintain  laminar  flow  for  the  combined  effects  was  practically  the  same 
as  that  required  for  the  major  disturbance  alone.  This  appears  on  the  oars  labeled 
3  and  4  where  the  vibration  alone  and  the  vibration  combined  with  internal  and 
external  disturbances  are  laminar  for  the  same  suction  quantity.  Secondly,  super¬ 
position  of  two  or  three  equally  critical  disturbances  required  much  less  than 
t'tie  proportional  suction  increases  to  maintain  laminar  flow.  For  exaaq>le.  Fig¬ 
ure  159  shows  that  an  average  suction  increase  of  23  percent  was  required  to 
stabilise  for  one  disturbance,  while  an  average  of  6  percent  HjiH  to  be  added  to 
stabilise  against  a  combination  of  any  two  of  the  equally  critical  disturbances. 
Moreover,  the  auction  quantity  required  to  stabilise  the  boundary  layer  for  any 
tvo  of  the  equally  critical  disturbances  was  generally  adequate  for  all  three 
disturbances  cosd>ined  (external  noise  plus  internal  noise  plus  surface  vibrations). 
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(10)  Effects  of  Coabined  Internal  Sound.  External  Sound,  and 
Surface  Vlbretlon  on  e  Stralftht  Wing  (continued) 

The  results  obtained  on  the  4>percent* thick  straight  vlng 
vlth  Internal  noise  and  surface  vibrations  are  applicable  to  unswept  low  drag 
suction  wings;  they  are  not  generally  applicable,  however,  to  swept  laainar  suc¬ 
tion  wings. 

(C)  Hypothesis  of  the  Mechanisa  of  Transition  on  a  Swept  Laainar 

Suction  Wins  under  the  Influence  of  Extemal  Sound 

While  the  frequency  dependence  and  aechanisa  of  transition  on 
the  straight  laalnar  suction  wing  under  the  Influence  of  external  sound  corre¬ 
lated  to  Tollalen-Schlichting  wave  aapllficatlons  and  observed  breakdown,  the 
transition  on  the  swept  wing  In  the  presence  of  external  sound  was  not  generally 
explained  by  saa 11 -disturbance  theory. 

Tlie  naphthalene  flow  pictures  showed  that  transition  under  the 
influence  of  external  sound  in  the  area  of  the  flat  pressure  distribution  was 
usually  preceded  by  the  foiaation  of  closely  spaced  chordwlse  strlations  of 
approxlaately  one-eighth  to  one-tenth  inch  spacii^.  These  strlations  becaae 
rapidly  aore  pronounced  as  transition  was  approached.  Without  external  sctund 
no  strlations  were  observed  at  the  test  Reynolds  nuabers.  The  observed  stria- 
tlons  reseable  those  experienced  by  the  British  (References  87  and  87)  and  later 
by  NASA  Aaes  at  high  Reynolds  nuabers  in  the  front  part  of  swept  wings.  Indicat¬ 
ing  the  existence  of  stationary  chordwlse  disturbance  vortices.  Tlais,  In  tlte 
presence  of  external  sound,  transition  on  a  swept  laalnar  suction  wing  generally 
occurred  In  the  region  of  the  flat  pressure  distribution  and  was  preceded  by 
closely  spaced  chordwlse  disturbance  vortices  which  caused  the  observed  fine 
strlations.  The  question  then  arises  as  to  the  origin  of  these  chordwlse  dis¬ 
turbance  vertices  observed  cn  a  s%rept  laalnar  suction  wing  In  the  region  oZ  the 
flat  pressure  distribution  under  the  Influence  of  external  sound. 

The  ordinary  stability  theory  of  the  boundary  layer  crossflow, 
assuming  infinitely  saall  disturbances  (Reference  8  ),  would  predict  approxl¬ 
aately  neutrally  stable  bc-^nJary  layer  crossflow  In  the  region  of  the  flat 
pressure  distribution  at  the  test  Reynolds  nuabers.  Furthermore,  for  stationary 
disturbance  vortices  of  zero  wave  velocity,  no  aeaningful  tiue  frequency  of  the 
external  disturbances  can  be  formed.  In  order  to  understand  the  focaation  of 
the  observed  striations,  corresponding  to  chordwlse  disturbance  vortices,  and 
the  aechanisa  of  transition  on  a  swept  laainar  suction  wing  In  the  presence  of 
external  sound,  it  is  evident  that  the  stability  theory  of  the  boundary  layer  on 
a  swept  laainar  suction  wing  must  be  further  refined. 

In  the  region  of  the  swept  wing  flat  pressure  distribution  the 
maxiaua  crossflow  velocity  is  only  one  to  two  percent  of  the  freestreaa  velocity. 
Under  these  conditions,  in  the  presence  of  strong  external  sound  fields  with 
mean  sound  particle  velocity  ratios  u*/U*“0.00l  to  0.003,  it  appears  questionable 

to  neglect  higher  older  terms  in  the  disturbance  equations  for  the  boundary  layer 
crossflow,  as  is  done  in  ordinary  stability  theory,  which  assumes  infinitely 
saall  disturbances.  According  to  Stuart  (Reference  33),  a  shear  flow  or  a 
laminar  boundary  layer  which  is  neutrally  stable  against  infinitely  small  dis¬ 
turbances  can  become  unstable  in  the  presence  of  large  external  disturbances. 

Under  such  conditions,  according  to  suggestions  by  C.  Raetz,  the  Reynolds  stresses 
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(G)  Hypothtiii  of  th«  Itochanii  of  Tr*n«ltloti  on  a  Swap*- 

SuctiOB  Vim.  wtfT  th»  lagitiw  of  fatf  raal  S«wd  (continu«d) 


in  «n  o»cl luting  boundnry  l^nr  any  distort  the  aonn  boundary  layer  croeeflow 
profile  in  such  a  aanner  ae  to  lower  ite  stability  liait  Reynolds  nuaber  in  the 
presence  of  large  external  disturbances.  On  a  flat  plate,  siailar  and  quite  pro* 
nounced  distortions  of  the  Blasius  boundary  layer  profile  in  the  presence  of 
strong  velocity  fluctuations  were  observed  by  Klebanoff,  Tidstroa  and  Sargent 
at  the  National  Bureau  of  Standards  (Reference  38).  An  analysis  by  Raetz  indi* 
cates  that  the  distortion  of  the  aean  boundary  layer  crossflow  profile  by 
external  sound  alone  (acoustic  streaaing)  would  be  insufficient  to  appreciably 
change  the  crossflow  stability  liait,  unless  disturbances  in  the  boundary  layer 
were  aaplified  under  the  action  of  external  sound.  The  existence  of  aaplified 
boundary  layer  oscillations  in  the  presence  of  external  sound  on  the  present  swept 
laainar  suction  wing,  particularly  in  the  region  of  the  fUt  pressure  distribution, 
was  verified  by  velocity  fluctuation  aeasureaents  in  the  boundary  layer  with  hot 
wires.  The  observed  velocity  fluctuations  in  the  boundary  layer  in  the  direction 
tangential  and  noraal  to  the  potential  flow  were  generally  considerably  larger 
than  due  to  acoustic  streaaing  alone,  particularly  in  the  region  of  the  flat 
presaure  distributicm  preceding  twanaition.  The  observed  velocity  fluctuations, 
however,  were  not  sufficiently  strong  to  cause  transition  directly;  auch  stranger 
velocity  fluctuations,  u'/U«,  2  0.05  were  observed  by  Dryden,  Schubauer,  Klebanoff 

and  others  in  the  laainar  boundary  layer  of  a  flat  plate  preceding  transition 
(References  38  and  90).  In  the  presence  of  external  sound,  with  the  observed 
velocity  fluctuations,  the  aean  crossflow  boundary  layer  profile  in  the  area  of 
the  flat  presaure  distribution  is  then  probably  sufficiently  distorted  to  lower 
appreciably  its  stability  Halt  Reynolds  nuaber,  causing  the  foiaation  of  chord- 
wise  disturbance  vortices  and,  finally,  transition. 

The  question  now  arises  as  to  the  cause  of  the  aaplified  osci  la- 
tions  observed  in  the  boundary  layer  vjnder  the  influence  of  external  sound. 
Boundary  layer  velocity  fluctuations  can  be  induced  by  sound  in  the  direction 
of  the  sound  particle  velocity  vector.  When  the  boundary  layer  in  this  direction 
is  unstable,  these  boundary  layer  oscillations  will  be  aaplified.  According  to 
the  hot  wire  aeasureaents  of  the  coaponents  of  the  sound  particle  velocity,  the 
sound  field  in  the  test  section  was  g<in«rally  three-diaensional.  As  an  exaa,  le, 
tdicn  tlie  sound  particle  velocity  vector  is  perpendicular  to  the  swept  wing  lead¬ 
ing  edge,  sound  can  induce  aaplified  oscillations  into  the  boundary  layer  in  the 
direction  noml  to  the  wing  leading  edge.  At  the  aoderately  high  wing  chord 
Reynolds  nuabers  of  the  experiaents,  relatively  t#eak  suction  in  the  leadii^  edge 
area  and  in  the  region  of  the  flat  pressure  distribution  was  generally  adequate 
to  avoid  transition  due  to  the  instability  of  the  boundary  layer  crossflow. 

Under  such  conditions,  in  the  region  of  the  flat  pressure  distribution,  the 
chord%rise  boundary  layer  is  not  too  stable.  Chordwise  boundary  layer  oscillations 
induced  by  sound  can  then  be  aaplified  in  this  part  of  the  wing.  The  coaponent 
of  these  velocity  fluctuations  in  the  direction  noraal  to  the  potential  flow 
introduces,  then,  velocity  fluctuations  into  the  crossflow  boundary  layer,  as 
observed  with  hot  wires,  which  aay  be  sufficiently  strong  to  distort  the  aean 
crossflow  profile  in  such  a  aanner  as  to  lower  appreciably  its  stability  liait 
Reynolds  nuaber.  Increasing  suction  in  the  region  of  the  flat  pressure  distri¬ 
bution,  before  transition  will  otherwise  occur,  reduces  the  local  crossflow 
Reynolds  nuaber  and  at  the  saae  tiae  increases  the  stability  of  the  chordwise 
boundary  layer.  As  a  result,  the  chordwise  boundary  layer  oscillations  are  less 
aaplified,  and  the  coaponent  of  these  oscillations  in  the  crossflow  direction  is 
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Suction  Wln£  under  the  Influence  of  Exf rnal  Sound  (contlnuod) 

correspondingly  reduced.  Increasing  suction  in  the  region  of  the  flat  pressure 
distribution  will  thus  delay  the  start  of  transition  on  a  s«fept  laainar  suction 
wing  in  the  region  of  the  flat  pressure  distribution  to  higher  sound  pressure 
levels,  as  verified  experiaentally. 

Vhen  the  chordvlse  boundary  layer  in  the  front  half  of  the  swept 
wing  was  less  stable,  i.e.,  when  no  suction  was  applied  in  the  front  part  of  the 
wing,  chordwise  boun^ry  layer  oscillations  probably  were  sufficiently  aaplified 
in  the  presence  of  strong  external  sound  fields  to  becoae  nonlinear  and  three- 
diaensional,  as  observed  on  a  laainar  flat  plate  when  the  originally  two-diaen- 
sional  oscillations  had  grown  to  large  aaplitudes  (Reference  38).  Transition 
then  started  at  regularly  spaced  selective  spanwise  stations  where  the  chordwise 
boundary  liq^er  oscillations  had  grown  aost,  thus  explaining  the  foraation  of  the 
rather  regularly  spaced  turbulent  %wdges  in  the  region  of  the  flat  pressure  dis¬ 
tribution  with  strong  external  sound.  In  aany  cases  the  local  crossflow  stability 
Halt  Reynolds  nuaber  was  sufficiently  reduced  by  the  presence  of  these  strong 
chordwise  boundary  layer  oscillations  to  fora  closely  spaced  chordwise  distur¬ 
bance  voHiccs,  indicated  by  fine  strlations  in  the  naphthalene  subliaation 
pictures,  preceding  transition  (Figure  112  ). 

When  the  pressure  drop  through  a  suction  slot  is  saall  (i.e,, 
at  low  flow  velocities  through  a  relatively  %d.de  slot),  acoustical  disturbances 
can  induce  a  pulsating  flow  through  the  slot  of  such  a  aagnitude  that  the  result¬ 
ing  chordwise  boundary  layer  oscillations  downstreaa  of  the  slot  are  sufficiently 
aaplified  to  cause  preaature  transition.  Higher  local  suction  rates  aust  then  be 
applied  in  such  slots  to  increase  the  pressure  drop  through  the  suction  skin  and 
to  reduce  the  aaplification  of  boundary  layer  oscillations  downstreaai  of  the  slot, 
thus  delaying  the  beginning  of  transition  to  higher  sound  pressures.  This  experi¬ 
ence  was  gained  on  the  present  swept  %»ing  oeodel  with  relatively  weak  suction 
through  SOI  .  of  the  front  suction  slots.  These  slots  were  relatively  wide,  and 
the  pressure  drop  through  the  wing  skin  was  correspondingly  sauill.  At  R^  ^  10^ 
transition  was  observed  at  120  db  (with  white  noise  of  1200/2400  cps).  Increas¬ 
ing  suction  in  these  front  slots  raised  the  critical  sound  pressure  for  transition 
to  124  db,  under  otherwise  the  same  conditions.  (Sealing  the  front  slots  raised 
the  critical  sound  pressure  to  123  to  125  db.) 

With  increasing  wing  chord  Reynolds  nunbers,  in  order  to  avoid 
transition  due  to  the  instability  of  boundary  layer  crossflow,  higher  nondinen- 
sional  suction  velocities  v^/U^ /r^.  (for  equivalent  area  suction)  are  required, 

particularly  In  the  region  of  the  flat  pressure  distribution  and  especially  toward 
the  wing  leading  edge.  The  chordwise  boundary  layer  then  becoaes  increasingly 
more  stable  at  higher  wing  chord  Reynolds  numbers.  As  a  result,  the  chordwise 
boundary  layer  oscillations  are  less  aaplified  and  the  component  of  these  oscil¬ 
lations  in  the  direction  normal  to  the  potential  flow  streamline  is  correspondingly 
reduced.  On  a  swept  laminar  suction  %ring  one  might  therefore  expect  a  relatively 
slow  decrease  of  the  critical  sound  particle  velocity  ratio  at  tran¬ 

sition  with  increasing  Reynolds  number.  With  ainiaua  suction  the  experiments 
showed  a  slightly  increasing  critical  sound  pressure  at  transition  with  wing 
chord  Reynolds  number,  as  long  as  marginal  suction  was  not  too  closely  approached; 
i.e.,  ^'*'/^oB^crit  *l*c*^®»*ed  with  wing  chord  Reynolds  number  at  a  somewhat  slower 
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rete  then  Inversely  proportional  to  the  letter  ~  with  alnl* 

■ue  suction]. 


In  the  region  of  the  rear  pressure  rise  of  a  iwept  low  drag  suction 
wing  where  the  boundary  layer  crossflow  Is  aost  pronounced »  one  night  expect  tran¬ 
sition  In  the  presence  of  sound  to  be  caused  by  aapllfled  boundary  layer  oscil¬ 
lations  traveling  In  crossflow  direction.  The  experiments,  however,  rarely  showed 
transition  In  the  region  of  the  rear  pressure  rise  except  In  the  case  of  narglnal 
suction  when  transition  would  already  have  occurred  without  external  sound.  This 
result  can  probably  be  explained  by  the  fact  that  the  aexlaun  crossflow  velocity 
Increases  rapidly  toward  the  wing  trailing  edge.  For  a  disturbance  wave  travel¬ 
ing  In  crossflow  direction  with  a  given  wave  velocity  c^  the  ratio  of  this  wave 

velocity  to  the  local  aaxlaun  crossflow  velocity  then  decreases  considerably 
toward  the  wing  trailing  edge.  Under  such  conditions.  In  the  neutral  stability 
diagram  of  the  boundary  layer  crossflow,  disturbances  are  strongly  aapllfled 
only  during  a  short  tine  over  a  aMll  chordwlse  extent  In  the  region  of  the  rear 
pressure  rise.  In  the  reaalnlng  part  of  the  area  of  the  rear  pressure  rise  the 
ratio  of  wave  velocity  to  aaxlaua  crossflow  velocity  (for  a  given  sound  frequency 
and  a  constant  wave  velocity)  Is  either  too  high  or  too  low  to  cause  a  strong 
aapllflcatlon  of  oscillations  in  the  crossflow  boundary  layer.  In  addition,  with 
the  strong  suction  required  In  the  rear  pressure  rise  of  the  swept  wing  node!  to 
prevent  crossflow  Instability,  the  chordwlse  coaponent  of  the  boundary  layer  Is 
highly  stable  against  chordwlse  disturbances.  Chordwlse  boundary  layer  oscilla¬ 
tions  and  the  coaponent  In  crossflow  direction  then  never  grow  to  large  aBq>lltudes, 
and  the  reduction  of  the  crossflow  stability  Halt  Reynolds  nuaber  by  the  non¬ 
linear  terns  In  tbs  disturbance  equations  Is  then  such  less  In  the  region  of  the 
rear  pressure  rise,  as  compared  with  the  area  of  the  flat  pressure  distribution. 
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CHAPTER  D.  LAMINARIZATION  OF  A  SEARS-HAAOC  BODY  OF  REVOLUTIOH  BY  MEANS  OF 
BOUNDARY  LAYER  SUCTION 

a.  INVESTIGATION  OF  A  LAMINAR  SUCTION  MODIFIED  SEARS-HAAOC  BODY 
OF  REVOLUTION  IN  THE  NORAIR  7»  BY  10-«FOOT  WIND  TUNNEL 

L.  U.  Gross 


(A)  Sumnary 

Full  length  laminar  flow  with  very  low  friction  and  equivalent 
total  drags  was  maintained  on  a  9>to*l  fineness  ratio  laminar  suction  modified 
Sears'Haack  body  of  revolution  of  142-inch  length  up  to  a  length  Reynolds 
number  «  20.1  x  10^  by  means  of  suction  through  120  fine  slots*  The  coef¬ 
ficient  of  equivalent  total  drag  (based  on  wetted  area  and  including  the 
equivalent  suction  drag)  at  an  angle  of  attack  a  m  Qo  was  1.18  times  the 
laminar  flat  plate  friction  coefficient  up  to  Rj^  »  19*6  x  10^  with  a  corre¬ 
sponding  suction  quantity  coefficient  (based  on  wetted  area)  Cq^  >  1*75  x  10*^* 

At  an  angle  of  attack  a  k  2°  the  minimum  equivalent  total  drag 
coefficient  varied  from  1.18  times  the  laminar  flat  plate  friction  coefficient 
Cf  at  a  Reynolds  number  Rj^  «  6.3  x  10^  up  to  1.45  C{  at  Rj^  »  16.19  x  10^.  An 
equivalent  total  drag  coefficient  Cot  *  ^*8  x  10*^  was  measured  at 

Rl  ®  16.19  X  10^  requiring  a  total  suction  quantity  coefficient  Cq^  «  1.95  x  10“^. 

Full  length  laminar  flow  at  cr  s  2°  was  observed  up  to  a  length  Reynolds  nuBd>er 

Rl  »  18.55  X  10^. 

(B)  Notation 

cd^(9)  local  drag  contribution  of  boundary  layer  momentum 
thickness  at  a  given  radial  angle  cp 

Cg  ®  -2-j  coefficient  of  drag,  based  on  body  wetted  area  S 

RojS 

Cpg  ■  y-  Cq^(1  -  Cp  ):  coefficient  of  drag  due  to  suction 

all  ^  power  required  to  accelerate  the 

chambers  suction  air  to  undisturbed  velocity 

and  pressure  without  losses 

*»  C|)^  +  Cj)^;  coefficient  of  equivalent  total  drag 

C]j^ir^in  minimum  equivalent  total  drag  coefficient 
2tt 

Cdw  *  j'  CDw^®)dcP5  coefficient  of  wake  drag 

o 

Cf  laminar  flat  plate  friction  coefficient 
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(B)  Notation  (Continued) 


'P 


P  - 


p^ 


;  pressure  coefficient  with  respect  to  ambient 
static  pressure  p„ 


— — ;  pressure  coefficient  of  Individual  suction 
chanber  with  respect  to  ambient  static  pres¬ 
sure  p 


Qa  . 

s’ 


suction  coefficient  of  individual  suction  chamber 
based  on  body  wetted  area  S 


Cq^  *  Cq^j  total  suction  coefficient 

all 

chambers 


optimum  total  suction  coefficient  corresponding  to  minimum 
equivalent  total  drag 


D  drag  (lb) 

6* 

H  ■  boundary  layer  shape  parameter 


H 

L 

L» 

P 


Pa 

P 


Qa 

r 

^TE 

Rl 


average  boundary  layer  shape  parameter  between  the  value  at 
the  rearmost  station  of  the  model  and  the  value  at  infinity 

boundary  layer  shape  parameter  at  the  rearmost  station  of 
the  model 

model  length  to  the  rearmost  station  of  the  model  (ft) 
length  of  basic  model  before  addition  of  sting  (ft) 
static  pressure  (Ib/ft  ) 

static  pressure  in  st :tlon  chamber  (Ib/ft  ) 

2 

freestream  undisturbed  static  pressure  (Ib/ft  ) 

■  ’  'f^fisstream  undisturbed  dynamic  pressure  (Ib/ft  ) 

3 

suction  quantity  of  each  suction  chamber  (ft  /sec) 
body  radius  at  axial  station  x 

body  radius  at  rearmost  station  of  the  model  =  3.132  in, 

U^L 

■  -iL-;  Reynolds  number  based  on  model  length 
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(Continued) 


Rg 

R;5(0®) 

Sg(90®) 

S 

u 

V 


Ua: 

Vq 

''o* 


X 

y 

6 

6* 


3 


e 


tt  Reynolds  nusnber  based  on  boundary  layer  ciomentuni 
^  thickness 

Reynolds  number  based  on  boundary  layer  monwntuni  thickness 
measured  by  top  rake 

Reynolds  anber  based  on  boundary  layer  nomentian  thickness 
measured  by  side  rake 

2 

wetted  surface  area  of  model  *  35»44  ft 


velocity  In  the  boundary  layer  at  height  y  (ft/sec) 

velocity  at  outer  edge  of  boundary  layer  (ft/sec) 

potential  flow  velocity  at  the  rearmost  station  of  the 
model  (ft/sec) 

undisturbed  freestream  veloc ity  (£t/sec) 

suction  velocity  for  equivalent  area  suction  (ft/sec) 


-^RL*  nondlmensional  suction  velocity  for  equivalent 
area  suction 


distance  along  axle  of  model  (ft) 

distance  normal  to  the  surface  of  the  model  (ft) 

angle  of  attack  (degrees) 

boundary  layer  thickness 
6 

(1  -  H)  (1  boundary  layer  displacement  thickness  (ft) 

U  r 


o 

boundary  layer  displacement  thickness  at  the  rearmost  station 
of  the  model  (ft) 


6 

—  (1  *  — )  (1  +  ^)dy;  boundary  layer  momentum  thickness  (ft) 
J  U  U  f 

o 


boundary  layer  momentum  thickness  at  the  rearmost  station  of 
the  model  (ft) 

wake  momentum  thickness  far  behind  the  model  (ft) 
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(B)  Notation  (Continued) 

2 

lA  absoiute  viscosity  (Ib-sec/ft  ) 

V  »  ~j  kinematic  viscosity  (ft^/sec) 

0 

2  ^ 

0  density  (lb-sec  /ft  ) 

0  radian  angle  (degrees) 


(C)  Introduction 

In  connection  with  the  application  of  low-drag  laminar  boundary 
layer  control  to  airpl^’^es,  the  question  arises  as  to  the  feasibility  of  main- 
taini:^  extended  regions  of  laminar  flow  on  cotifsonents  that  are  essentially 
bodies  of  revolution  (such  as  the  fuselage  and  engine  nacelles).  Specifically, 
the  ability  of  suction  to  stabilise  the  lominar  boundary  layer  on  bodies  of 
revolution  up  to  very  high  Reynolds  numbers  should  be  demonstrated.  In  addi¬ 
tion,  it  is  desirable  to  establish  data  from  vrtiich  the  limits  of  the  parameter;; 
significant  to  laminar  boundary  layer  stability  on  a  body  can  be  deduced  for 
design  purposes* 

investigation  of  natural  boundary  layer  transition  on  bodies  of 
revolution  (Reference  92)  has  shown  that  boundary  layer  stability  is  affected 
by  the  three-dimensional  nature  of  iKxiies.  When  the  body  radius  is  increasing, 
the  b<Mindary  layer  aoaentua  thickness  Reynolds  number  Rg  at  transition  is  lower 
than  that  of  an  equivalent  tv^n-dlmensioiial  surface;  i.e.,  the  stability  limit 
is  decreased.  In  like  osanner,  the  stability  limit  is  increased  above  that  of 
the  equivalent  two  dimensional  surface  when  the  body  radius  is  decreasing.  It 
appears  that  the  boundary  layer  in  the  front  part  of  a  body  is  less  stable  than 
on  a  wli^  due  to  the  stretching  of  disturbance  vortices  in  the  region  of 
Increasing  body  radius  and  due  to  fluctuations  of  the  front  stagnation  point 
(Reference  93). 

Low  drag  boundary  layer  suction  was  applied  to  an  ellipsoid  of 
revolution  of  fineness  ratio  9;1  and  tested  in  the  Norair  8-  by  I 1-foot  wind 
tunnel  and  In  the  University  of  Michigan  5-  by  7-foot  wind  tunnel  (Reference 
94  ).  Tlie  model  was  of  142-inch  length  and  had  nineteen  suction  slots  arranged 
from  10.5  percent  to  96  percent  length.  Slot  widths  varied  from  0.004  to 
0,014  inch.  As  reported  in  Reference  94,  the  minimum  equivalent  total  drag 
coefficient  based  on  wetted  area  (including  equivalent  drag  due  to  suction) 
was  1.24  times  the  laminar  flat  plate  friction  coefficient  up  to  a  length 
Reynolds  number  Rj  =  12  x  10^  and  fvtll  length  laminar  flot-;  was  maintained 
with  slightly  highep  values  of  minimum  total  drag  up  to  a  length  Reynolds 
number  »  15  x  10*', 


On  the  basis  of  these  experiments  and  experience  with  other  low 
drag  suction  models  at  high  Reynolds  numbers,  a  laminar  suction  body  of  revo¬ 
lution  was  designed  fov  tests  at  high  length  Reynolds  numbers  (design  length 
Reynolds  number  ^  for  test  conditions  similar  to  the  Ames  12  foot 

pressure  tunnel  at  a  unit  Reynold:  number  ~  4,15  x  10^  per  foot).  In 
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(C)  Introduction  (Continued) 


order  to  gain  experience  with  the  'cdel  and  to  establish  experiawntal  data 
at  the  lower  end  of  the  anticipated  Reynolds  nuorfier  range,  the  laodel  was 
first  tested  In  the  Noralr  7-  by  lO-foot  wind  tunnel.  This  report  describes 
these  investigations. 

(L)  Experimental  Setup 

The  body  shape  chosen  was  ’  9:1  fineness  ratio  Sears*Haack  body 
modified  to  have  a  rounded  nose  of  smal  radius  of  curvature  (Figure  160). 

This  shape  was  chosen  on  the  ba*(is  of  the  investigation  of  Reference  33  and 
gives  as  large  an  extent  of  natural  laminar  flow  as  possible  while  retaining 
adequate  internal  volume.  The  length  of  the  Noralr  model  was  limited  to 
approximately  156  inches  by  the  available  lathe.  It  was  desired  to  retain  a 
9:1  fineness  ratio  and  after  allowing  for  an  adequate  mounting  length  of  the 
sting  the  basic  body  length  became  L*  >  139.5  Inches  giving  a  naxinum  diameter 
of  15.5  inches.  The  model  was  («>unted  on  a  sting  of  6.5»inch  diameter  which 
provided  space  for  the  suction  air.  The  body  shape  was  faired  stsoothly  into 
the  sting  from  B5  to  103  percent  of  the  body  length.  The  final  contour  is 
Illustrated  in  Figure  160. 

For  the  design  of  the  suction  system,  the  boundary  layer  develop- 
ment  along  the  body  was  calculated  (Figure  166)  by  means  of  Raets*s  swthod 
(Reference  45),  using  the  theoretical  suction  distribution  shown  in  Figure  166 
The  potential  flow  pressure  distribution  used  for  the  design  calculations  was 
taken  from  Reference  92  and  is  shown  in  Figure  165. 

Figure  *60  shows  the  model  and  details  of  the  suction  system. 

The  position  of  the  first  slot  was  selected  on  the  basis  of  the  investigation 
of  natural  transition  on  the  body  by  Groth  (Reference  92).  The  spacing  of  the 
0.003  inc(i  slots  was  determined  from  the  theoretical  boundary  layer  develop¬ 
ment  (Figure  166)  to  be  two  inches  in  the  region  from  4.84  to  75  percent  of 
the  basic  body  length  L’  and  one-half  '*nch  In  the  region  of  the  rear  pressure 
rise,  from  75  percent  to  100,4  percent  for  a  total  of  120  slots. 

The  slot  width  uas  chosen  apprcKimately  equal  to  the  thickness 
of  the  sucked  layer  at  a  design  length  Reynolds  number  of  49  x  10^,*  Con¬ 
siderable  attention  was  given  to  avoiding  any  local  flow  separation  in  the 
suction  slots  and  holes  underneath  the  slots  by  restricting  the  flow  Reynolds 
numbers  in  these  slots  and  holes  to  sufficiently  low  values. 

The  model  was  built  up  of  an  inner  shell  composed  of  eight 
machined  tubes  bolted  together,  a  nose  piece,  and  outer  rings  shrunk-fit  to 
the  inner  shell.  Suction  air  passage  through  the  inner  shell  was  provided  by 
drilled  holes  which  also  acted  as  metering  holes  to  compensate  for  variations 
of  the  external  pressure  ^ield.  Details  of  the  slot  and  hole  system  are  given 
in  Table  IX  .  Suction  plenum  chambers  were  turned  into  the  outer  rings.  Dur¬ 
ing  assembly,  the  outer  rings  were  forced  together  as  they  were  shrunk-fit  onto 
the  inner  shell  and  the  slots  were  subsequently  turned  into  the  joint  between 


*Assumlng  test  condltirns  similar  to  those  in  the  Ames  12-fcot  pressure  tunnel. 
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(D)  Experlaental  S»tup  (Continued) 


the  ring*  to  provide  positive  control  of  the  slot  width.  Coopartmentetion 
of  the  aodel  into  thirteen  suction  chambers  was  accomplished  by  means  of 
sealed  bulkheads.  Calibrated  suction  flow  measuring  nossles  were  mounted 
on  the  face  of  the  bulkheads. 

The  Norair  7«  by  10-foot  wind  tunnel  and  its  auxiliary  air 
supply  are  described  in  Appendix  B  of  Reference  lA.  Figures  162  and  163 
show  the  model  mounted  in  the  wind  tunnel  test  section  and  a  schematic  draw¬ 
ing  of  the  installation  is  given  as  Figure  161.  The  model  was  held  in  a  tube 
which  was.  in  turn,  supported  from  the  test  section  floor  by  two  colunms,  the 
rearward  of  «rfaich  was  adjustable  in  length  so  that  the  model  could  be  pitched 
through  an  angle  of  attack  range  of  4^.  The  support  system  vas  faired  with 
sheet  sMtal  and  wooden  blocks  so  as  to  minimise  flow  disturbances. 

The  suction  air  was  dra%fn  from  the  boundary  layer  on  the  sur¬ 
face  of  the  model,  through  the  slots,  plenum  chambers  and  holes  and  into  the 
thirteen  independent  suction  chambers.  The  suction  air  was  then  ducted  from 
each  suction  chamber,  by  means  of  altXRinum  tubing,  to  the  exterior  of  the 
model  by  %ray  of  the  sting.  Flexible  tubing  led  the  air  through  the  model 
support  structure  and  to  a  cooncn  suction  box.  The  suction  quantities  of  the 
various  chambers  could  be  adjusted  individually  bv  means  of  remotely  controlled 
needle  valves  at  the  entrance  to  the  coaraon  suction  box.  The  total  rate  of 
suction  could  be  varied  by  introducing  bleed  air  into  the  suction  box.  The 
suction  air  was  then  dravm  from  the  suction  box  by  the  wind  tunnel  auxiliary 
air  exhaust  system  described  in  Appendix  B  of  Reference  14, 

( E )  Measurements  and  Evaluation 


The  objective  of  this  investigation  was  the  study  of  the  behavior 
of  the  laminar  boundary  layer  on  a  body  of  revolution  with  suction  through  many 
fine  slots  and  the  determination  of  the  drag  characteristics  and  suction 
requirements  of  this  body  at  various  angles  of  attack  o  and  Reynolds  numbers 
R;^.  At  each  of  the  various  Reynolds  numbers  and  angles  of  attack,  the  suction 
quantities  were  varied  over  a  range  that  Included  the  point  of  minimum  drag. 

The  coordinate  system  is  shown  in  Figure  164.  The  following 
measurements  were  taken. 

The  pressure  drop  across  the  calibrated  flow  measuring  nossles 
located  at  the  downstream  end  of  the  various  suction  chambers  was  measured  to 
evaluate  the  suction  quantities  Qg  of  the  various  suction  chambers.  The  cor¬ 
responding  chamber  static  pressures  were  taken  at  the  downstream  end  of  the 
suction  chambers.  The  lengthwise  pressure  distribution  was  recorded  by  means 
of  twenty-two  static  pressure  orifices  located  from  1  to  100  percent  of  the 
basic  body  length  L’.  The  locations  of  the  static  pressure  orifices  are  given 
in  Table  X  .  In  order  to  properly  set  the  model  at  an  angle  of  attack 
o  «  0®,  four  pressure  taps  arranged  90  degrees  from  each  other  were  provided 
at  a  position  5  percent  of  the  basic  body  length  L*  from  the  nose. 
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(E)  Heasureiaents  and  Evaluation  (Continued) 

The  boundary  layer  profiles  at  the  rear  end  of  the  model  were 
measured  by  means  of  two  boundary  layer  rakes  located  on  the  top  and  side  of 
the  sting.  The  measuring  plane  of  the  rakes  was  a  length  L  =  142  Inches  from 
the  nose  so  the  Reynolds  number  Rl  and  other  performance  characteristics  of 
the  model  were  based  on  this  length  (as  opposed  to  the  basic  body  length 
L' *  139,5  Inches).  The  top  boundary  layer  rake  consisted  of  fourteen  and  the 
side  rake  of  twelve  flattened  total  pressure  tubes.  Each  of  the  rakes  had  two 
static  pressure  tubes  displaced  one-half  Inch  from  the  plane  of  the  total  pres* 
sure  tubes. 

The  state  of  the  boundary  layer  was  observed  from  the  boundary 
layer  velocity  profile  measurements  at  the  rear  end  of  the  body  and  from  the 
response  of  9  microphones  Conner -ed  to  surface  static  pressure  orifice:,  along 
the  length  of  the  body. 

The  static  pressures  in  the  measuring  nozzles,  suction  chambers 
and  on  the  external  body  surface  were  displayed  on  a  first  U-tube  manometer 
panel.  The  boundary  layer  rake  readings  (total  and  static  pressures''  2 
recorded  on  a  second,  separate  U-tube  manometer  board.  In  this  manne.  fluctua¬ 
tions  of  the  total  pressure  readings  from  the  rakes  did  not  influence  the 
remaining  pressure  readings.  The  pressure  data  were  recorded  photographically 
on  70  mm  mlcrofile  film,  which  was  then  read  on  a  film  read'*  machine.  The 

recording  was  done  on  punched  cards  suitable  for  use  on  an  .  7090  digital 

computer. 

The  freestream  undisturbed  static  and  dynamic  pre'-ure  p  and 
q  were  determined  from  calculations  of  the  tunnel  wall  correc.i  ns  given  by 
Lock  and  presented  in  Reference  95  and  from  the  wind  tunnel  ca  bra..lon  curves 
given  in  Appendix  B  of  Reference  ,  The  resultant  minimum  pressure  Cweffl- 
cients  showed  a  scetter  of  0,4  percent  of  freestream  dynamic  pressure. 

From  th-=‘  measured  suction  quantities  Q_  in  the  various  suction 


chambers,  the  suction  quantity  coefficients  Cn  =  -  of  the  individual 

^  Oa  U  S 

rx> 

chambers  and  the  total  suction  quantity  coefficient  Cq^  ~  ^  Cq^  were 

all 


chambers 


evaluated.  With  the  non-dimensional  coefficient  Cr 


Pa  -  P- 


of  the  pressure 


rise  across  a  suction  compressor  necessary  to  accelerate  the  suction  air  Isen- 
tropicaily  to  freestream  velocity  and  ambient  static  pressure,  the  equivalent 
suction  drag  coefficient  is: 


all 

chambers 
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(E)  Measuretnents  and  Evaluation  (Continued) 


Due  to  the  surface  curvature  of  the  body  at  the  rake  location, 
a  pressure  gradient  normal  to  the  body  was  present.  This  pressure  gradient 
was  measured  by  the  two  static  pressure  probes  mounted  on  each  rake.  A  linear 
variation  of  static  pressure  was  assumed  for  the  determination  of  the  velocity 
distribution  in  the  boundary  layer  at  the  rake  location. 


For  the  evaluation  of  the  wake  drag  it  was  assumed  that  the 
measured  boundary  layer  profile  is  first  accelerated  over  a  short  distance  to 
a  constant  static  pressure  equal  to  the  value  at  the  edge  of  the  boundary  layer 
at  the  rake  location.  This  new  fictitious  boundary  layer  profile  at  constant 
static  pressure  can  be  determined  from  the  continuity  equation  and  the  Bernoulli 
equation  (l.e.,  assuming  constant  total  pressure  along  streamlines).  The  wake 
momentxxm  loss  at  infinity,  which  determines  the  wake  drag,  can  be  evaluated 
from  the  momentum  thickness  of  this  fictitious  boundary  layer  at  constant  static 
pressure  according  to  Squire  and  Young: 
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where  r„„  is  the  body  radius  at  the  measuring  station,  U  is  the  potential  flow 
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velocity  at  the  edge  of  the  boundary  layer,  H  is  the  value  of  H  =  (^)  in  the 
wake  between  the  rearmost  station  and  infinity  and 
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H-pE  *  1.4  shortly  downstream  of  the  rear  end  of  the  model  and  H  =  1,0  at 
infinity;  therefore  H  -f  2  =  3.2,  and 
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For  the  determination  of  the  total  wake  drag  the  momentum  thick¬ 
ness  as  measured  by  each  boundary  layer  rake  was  determined  and  a  local  wake 
drag  co^(.z)  at  the  radial  angle  of  the  rake  was  defined  as 


0 
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(E)  Heasurwaents  and  Evaluation  (Continued) 


At  an  angle  of  attack  or  »  0®  it  was  assuaed  that  the  circwsferential 
distribution  of  the  partial  drag  was  sinusoidal  so  that 

Cd„(0®)  +  Cn„(90®) 

Cjj^  »  2n  X - - - 

where  the  subscripts  t  and  s  refer  to  the  top  and  side  rakes  respectively*  This 
assumes  that  the  boundary  layer  diametrically  opposite  a  given  rake  would  be  the 
same  as  the  boundary  layer  at  the  rake.  At  an  angle  of  attack  this  procedure  is 
incorrect  and  must  be  modified  as  follows.  The  nose  of  the  model  was  elevated  to 
the  proper  angle,  the  test  conditions  were  established  and  data  were  taken  over  a 
range  of  total  suction  quantity*  After  stopping  the  wind  tunnel  the  nose  of  the 
model  was  depressed  to  the  negative  value  of  the  chosen  angle  and  the  previous 
test  conditions  were  re-established.  For  the  determination  of  the  total  wake 
drag  coefficient  a  s.lnusoldal  distribution  of  the  partial  drag  measured  at  plus 
and  minus  ^  was  assumed  at  a  given  total  suction  quantity.  Thus 


Cd„  -  2it  r. 


const 


The  total  equivalent  drag  is  then  the  sum  of  the  wake  and  equiva- 
leng  suction  drags: 


(F)  Experimental  Results 

The  pressure  distributions  measured  at  angles  of  attack  «  0  and 
2®  are  shown  in  Figure  167,  The  giver,  pressure  distributions  for  an  angle  of 
attack  Of  =  2®  are  those  of  the  upper  and  lower  meridians  only. 

Figures  168  through  170  show  representative  local  wake  drag  coef- 
ficieiits  (defined  in  (E)  above)  at  an  angle  of  attack  or  «  0°  as  calculated 

from  the  measurements  of  the  boundary  layer  rakes  at  the  aft  end  of  the  model. 

The  total  wake  drag  coefficients  Cj;)^  resulting  from  the  integration  of  the  local 

wake  drag  coefficients  of  the  chosen  samples  are  shown  in  Figures  171 

through  173,  along  with  the  equivalent  suction  drag  and  the  equivalent  total 

drag  coefficient  Cd^.,  as  a  function  of  suction  flow  coefficient  Cq^^. 

According  to  Figures  168  through  170  the  local  drag  measured  by 
the  top  rake  was  cons!  tently  higher  than  that  of  the  side  rake  Cj)^(90®). 

In  the  analytical  section  of  this  report  Bossel's  calculations  show  good  agree¬ 
ment  between  the  theoretical  boundary  layer  velocity  profile  at  the  measuring 
station  and  the  profile  measured  by  the  side  rake.  Therefore,  it  appears 
reasonable  to  include  a  study  of  the  drag  assuming  that  only  the  measurements 

of  the  side  rake  were  valid.  The  vehe  drag  was  defined  as  "  2tt  Ci)^j(90®)  and 
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Slavics  an  tlMwo  at  a  function  of  to’cal  suction  coefficient  Cq^  in  Figures  174 

throii^  ITK  Also  inelodad  in  Figures  174  throvgh  ITf^  are  the  equivalent 
suction  drags  and  the  e<^lvalent  total  drag  coefficient  Cq^  that  results 

frosi  this  definition  of  Cq^« 

Sepreaentative  local  i^ke  dregs  naasurcd  at  an  angle  of  attack 
Of  »  2*  are  shewn  ta  figures  177  thro^jgh  179,  Fur  simplicity  of  presentation, 
it  mw  aasuaed  that  the  raeasurentents  at  cr  *  *2^  were  the  equivalent  of  measure* 
sie&ts  of  two  addltiona'!  rakes  (located  at  the  bottom  and  side  of  the  model)  at 
«  *  +2**  Therefore,  in  Figures  177  through  179  the  notation  C|j^(180®)  Is  intro¬ 
duced  to  identify  the  local  drag  iMaaurad  by  the  top  rake  at  <r  *  -2®. 


The  total  wake  drag  coefficients  C]]^  at  an  angle  of  attack  0^2® 

are  shown  in  Figures  ISO  through  ld2  g  function  of  total  suction  flow  coeffi¬ 
cient  Cf),.*  The  same  figures  Include  the  equivalent  suction  drag  coefficients 

C0  and  tha  equlvalant  total  drag  coefflclant 
s  ^ 


Figures  183  and  184  show  the  variation  of  the  minimum  equivalent 
drag  coefficient  Cq  and  the  corresfondlng  optlmua  suction  quantity  coefficient 

at  miniaam  equivalent  total  drag  with  leiq^th  Reynolds  number  Rj^  at  an 

angle  of  attack  «  0®«  Figure  183  shows  the  results  when  the  wake  drag  was 

taken  as  the  average  of  the  partial  drags  of  both  top  and  side  rakes  and 

Figure  184  shows  the  effect  of  determining  the  wake  drag  from  the  partial  drag 

of  the  side  rake  alone*  Cn,.  and  Cn  as  functions  of  Rt  for  nr  &  2®  are 

*^ln  -opc 


shown  in  Figure  183  • 


The  lengthwise  distributions  of  the  nondimens ional  equivalent 
area  suction  velocity  as  evaluated  for  several  test  runs  at  angle  of 

attack  or  *  0®  art  shown  in  Figure  186,  These  suction  velocity  distributions 
correspond  to  the  test  points  that  gave  the  lowest  values  of  during  each 

test  run  and  are  coshered  to  the  design  suction  velocity  distribution  taken 
from  Figure  166*  The  boundary  layer  velocity  profiles  that  correspond  to  the 
experimental  suction  velocity  distributions  of  Figure  186  are  shown  In  Figures 
187a  and  187b. 


The  variation  of  tha  boundary  layer  velocity  profiles,  as  meas¬ 
ured  by  the  boundary  layer  rakes,  with  total  suction  coefficient  Cq^  are 

shown  in  Figures  188a  through  190b.  Figures  188a,  189a  and  190a  show  the 
velocity  profiles  measured  by  the  top  rake  wtiercas  Figures  188b,  189b  and 
190b  show  those  measured  by  the  side  rake. 

(C)  Discussion 

At  an  angle  of  attack  cr  »  0®  full  length  laminar  flow  was  main¬ 
tained  on  the  modified  Sears-Haack  low  drag  suction  body  of  revolution  to  a 


(G)  Discussion  (Continued) 


length  Reynolds  ntisd[>er  «  20.1  x  10^  (see  Figure  184).  The  rainiiBum  equiva¬ 
lent  total  drag  coefficient  (based  on  vetted  area  and  Including  equivalent 

suction  drag)  at  or  «  0®  and  Rl  *  19.6  x  10^  vas  Cd^  *  3.6  x  10*^  and  the 

Haln 

corresponding  total  suction  coefficient  was  Cq  «  1.73  x 


'<*pt 


10-^. 


At  length 


Reynolds  number  below  Rj^  •  19.6  x  10^  the  minimum  equivalent  total  drag  was 
approximately  1.18  times  the  friction  drag  of  a  laminar  flat  plate. 


The  above  results  were  based  on  the  wake  drag  as  determined  from 
the  boundary  layer  measurements  of  the  side  rake  alone.  If  the  boundary  layer 
measurements  of  both  top  and  side  rakes  are  used  to  determine  the  wake  drag«  then 
the  level  of  the  minimum  equivalent  total  drag  coefficient  is  raised  to  1.34  times 
the  laminar  flat  plate  friction  coefficient  (Figure  183).  Since  the  boundary 
layer  profiles  measured  by  the  top  rake  are  consistently  thicker  than  those  of 
the  side  rake  It  Is  felt  that,  although  the  nose  of  the  model  was  known  to  be 
aligned  with  the  wind  tunnel  airflow,  the  rear  end  of  the  model  was  at  a  slight 
angle  of  attack  such  that  the  airflow  was  from  the  bottom  of  the  model  toward 
the  top.  This  Induced  angle  of  attack  might  have  been  due  to  slightly  asymMtric 
flow  In  the  wind  tunnel  or  the  asymmetry  of  the  mounting  system.  If  the  Increased 
partial  drag  of  the  top  rake  was  due  to  the  rear  of  the  model  being  at  a  slight 
angle  of  attack  then  it  Is  reasonable  to  assume  that  the  boundary  layer  over  the 
lower  portion  of  the  model  would  be  thinner  and  thus  give  a  lower  drag.  The 
lower  drag  over  the  underside  of  the  oodelwould  tend  to  compensate  for  the  In¬ 
creased  drag  of  the  upper  portion  and  thus  the  overall  drag  would  approach  the 
results  given  by  the  side  rake  alone. 


The  lowest  equivalent  total  drag  coefficient  measured  at  an  angle 
of  attack  0*2®  was  ^  10*^+  at  a  Reynolds  number 

RL  “  16,19  X  10^  (Figure  185  ).  The  total  suction  quantity  at  minimum  equiva¬ 
lent  total  drag  was  Cq^  =  1.95  x  10“^.  This  equivalent  total  drag  is  1.44 

times  the  laminar  flat  plate  friction  drag.  At  lower  Reynolds  nu>Td>ers  the 
ratio  of  the  equivalent  total  drag  to  the  friction  drag  of  a  laminar  flat 
plate  decreased.  At  a  Reynolds  number  *  6,3  x  10^  the  minimum  equivalent 

total  drag  was  1.18  times  the  laminar  flat  plate  friction  coefficient.  At 
this  Reynolds  number  the  actual  minimum  equivalent  total  drag  coefficient 

Cn^^n  “  ^*25  X  10“^  occurred  at  a  total  suction  coefficient  Cq^  »  1.24  x  10“^. 
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Thft  taatnar  boondaty  iayer  devalo^aent  In  incocpreasible 
flow  ovar  a  aodifiadi  Saart«Baack  low  drag  fittt  „on  body  of  revolution  of 
142*lach  length  was  coaputad  by  aeans  of  Raets*s  aathod  (Reference  45). 
"lia  thaoratical  data  obtained  ara  caa|>arad  with  aiqNiriaental  data  for 
eight  test  points  at  length  Reynolds  nunbers  froa  6.3  to  19.6  x  10^. 

The  theoretical  data  are  in  satisfactory  agreeaent  with  the 
expariaental  data  although  they  are  not  exactly  coaparable,  since  pure 
axisyaaetric  flow  was  not  achieved  during  tim  experiaents. 

(B)  notation 

r  nondiaensionai  body  radius  «  r/L' 

X  »  x/L*  »  nondiaensionai  distance  along  body  axis 

t  *  (r/L)^Rj^  a  nondiaensionai  distance  noraal  to  surface 

6  »  <6/L)  «  noixlinensional  boundary  layer  thickness 

(u/0  »  0.999) 

«  (6*/L)yi^  n  nondiaensionai  boundary  layer  displaceaent 
thickness 

G  *  <6/L)  »  nondiaensionai  boundary  layer  aomentua 

thickness 


Bars  denote  ncndiraensional  quantities, 
defined  in  the  notation  given  in  Chapter  0>a. 


All  other  symbols  are 


"nils  report  is  concerned  with  the  computation  of  the  bou;idary 
layer  development  along  a  modified  Searsofiaack  suction  body  of  revolution 
in  axisymmetric  incoispressible  flow  and  comparison  with  test  results. 

The  Sears-Haack  low  drag  suction  body  was  designed  for  opera¬ 
tion  at  very  low  turbulence  levels  at  length  Reynolds  numbers  up  to  49  x  10”, 
Area  suction  was  closely  approached  by  means  of  suction  through  120  fine 
slots.  The  Hiodel  was  tested  in  the  Norair  low  turbulence  7-  by  10-foot  wind 
tunnel  at  Reynolds  numbers  between  6  and  20  x  10”  (see  Section  II,  Part  1, 
Chapter  D-a).  About  400  test  runs  were  obtained,  of  which  eight  are  analyzed 
in  this  report.  Data  for  these  eight  runs  are  given  in  Tables  XI  through 
XIV  .  The  shape  of  the  body  and  its  velocity  distribution  are  shown  in 
Figure  191.  This  velocity  distribution  was  obtained  by  averaging  the  pres¬ 
sure  readings  for  run  numbers  41,  46,  52,  66,  76  and  78. 


<C)  Introduction  (Continued) 

During  the  wind  tunnel  tests,  the  neesured  velocity  distribution 
in  the  boundary  layer  at  the  end  of  the  model  (at  a  station  142  Inches  from  the 
nose  of  the  model)  was  not  uniform  along  the  circumference  of  the  model*  The 
boundary  layer  measured  at  the  side  of  the  model  was  thinner  than  that  at  the 
top*  The  shape  of  the  top  rake  velocity  profile  indicated  transitional  flow 
in  most  cases*  Increased  suction  tended  to  bring  both  rake  readings  to  closer 
agreement* 

The  boundary  layer  development  along  the  body  was  computed  for 
Incooqiressible  flow  by  means  of  Raets^s  isethod  (Reference  45)  on  a  high  speed 
electronic  IBM  70%  cmiputer*  Area  suction  was  asstnned  for  the  calculation. 

The  experimental  suction  distributions  were  approximated  by  analytical  expres* 
slons*  Figure  192  shows  an  example  of  this  approximation  for  run  nund>er  66* 

The  resulting  differences  in  the  total  suction  flow  coefficients  are  tabulated 
in  Table  XIV. 


1 

I  O)  Results 

i 

I  (1)  Boundary  Layer  Development 

•r^ 

I  The  coeluted  boundary  layei  development  for  each  of  the 

I  eight  test  runs  Is  given  in  Figures  193  through  200*  Momentum  thickness 

I  Reynolds  number  «  U6/u,  nondisensional  mxMntum  thickness  6  *  (8/L)  /^, 

I  nondimensional  dlsplacimMnt  thickness  6*  *  (6*/L)  *nd  shape  parameter 

I  H  *  8*/0  are  plotted  vs  x  »  x/L*.  The  nondimensional  suction  inflow  velocity* 

I  is  added  to  the  figures  to  show  the  effect  of  varying  suction. 

I  (2)  Velocity  Distribution  in  the  Boundary  Layer  at  the  Rake 

!  Position 

/ 

1 

The  confuted  nondimensional  velocity  distribution  in  the 
boundary  layer  at  the  position  of  the  rakes(x  »  1.0179)  is  plotted  in  Figures 
1  201  through 206  •  Experimental  points  from  the  side  and  top  rakes  are  added 
I  for  comparison.  The  nondimensional  height  ?  above  the  surface  may  be  converted 
I  to  the  actual  height  c  (in.)  by  using  the  relation 


•S 

I 


z  s  (in.)}  where  L 
/Rl 


142  Inches. 


The  following  table  gives  the  conversion  factors. 

Run  Number  41  46  52  66  76  78  397  421 

L//Rl  *0565  .0564  .0480  .0386  .0370  .03705  .0342  .0321 


The  computed  velocity  profiles  are  compared  in  Figure  209 
with  the  experimental  data.  The  profile  for  run  number  421  lies  between 
those  for  run  numbers  41,  66,  and  397.  It  has  been  omitted  for  the  sake  of 
clarity. 


*For  equivalent  area  suction. 
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(D)  Results  (Continued) 


(3)  Characteristic  Values  at  the  Rake  Position 


In  Figures  210  through  212  the  computed  and  experimental 
values  of  the  displacement  thickness  7*,  the  momentum  thickness  and  the 
shape  parameter  H  are  plotted  as  functions  of  the  total  suction  flov  coeffi¬ 
cient  Cq^. 


The  effect  of  suction  on  the  boundary  layer  Reynolds  number 
can  be  compared  by  plotting  ^Qt  213) •  Since  the  momentum 

thickness  Reynolds  nuu^er  R^  is  proportional  to  the  dimensionless  momentum 
thickness  times  the  square  root  of  the  length  Reynolds  number, 
stant  for  equal  nondimensional  suction  distributions  (x). 


The  Influence  of  suction  on  the  wake  drag  coefficient  Cq^ 
can  be  seen  from  Figure  214,  where  Cq^  /Rl  has  been  plotted  vs  Cq^.  Since 
is  proportional  to  Cq|^  must  be  constant  for  constant  6. 

A  summary  of  the  experimental  and  computed  data  for  the 
eight  points  is  given  in  Table  Kill. 

(E)  Discussion 

( 1 )  Boundary  Layer  Development 

The  laminar  boundary  layer  thickness  on  a  body  of  revolu¬ 
tion  is  Influenced  mainly  by  two  things: 

(a)  it  tends  to  become  thicker  with  /x; 

(b)  as  the  body  diameter  changes  with  x,  the  boundary 
layer  is  expanded  and  contracted  accordingly.  Its 
thickness  thus  tends  to  change  inversely  proportional 
to  r. 

We  thus  have 

6  ~  —  (laminar  region), 
r 

» 

This  causes  the  boundary  layer  to  grow  in  thickness  more 
slowly  in  regions  of  Increasing  r  compared  to  the  two-dimensional  case  and  to 
grow  faster  in  regions  of  decreasing  r.  The  overall  effect  is  sketched  below 
^assuming  laminar  flow,  which  cannot  be  maintainsd  much  beyond  maximum  thick¬ 
ness  without  suction  at  higher  Reynolds  numbers). 


(1)  Boundary  Layer  Developa''.nt  (continued) 


y  Body  of  Revolution 
Flat  Plate 


Body  of  Revolution 
Contour 


This  general  tendency  is  shown  in  Figures  193  through  200 
for  the  displacement  and  momentum  thicknesses  and  0  and  the  momentum  thick¬ 
ness  Reynolds  number  Rg. 

Increasing  suction  decreases  the  boundary  layer  displacement 

and  momentum  thicknesses  and  5",  the  boundary  layer  momentum  thickness  Reynolds 
number  Rg,  and  the  boundary  layer  shape  parameter  H,  This  effect  is  especially 
pronounced  for  the  cases  of  strong  suction  (runs  46  and  78). 

The  nondimen sional  boundary  layer  thickness  &  is  proportional 
to  the  square  root  of  the  length  Reynolds  number  Rl*  Displacement  and  momentum 

thicknesses  6*  and  ^  and  momentum  thickness  Reynolds  number  Rg  are  therefore 
higher  for  higher  length  Reynolds  numbers. 

Forward  suction  must  be  increased  with  higher  length  Reynolds 
numbers  since  the  stability  limit  Reynolds  number  is  reached  farther  forward. 

This  may  be  seen  from  Figure  215  where  the  ’’center  of  gravity"  coordinate  „ 

c.g. 

cf  the  suction  Inflow  velocity  distribution  (v^*)  has  been  plotted  vs  R^. 

The  Vrt*  coordinate  has  also  been  plotted.  It  is  dependent  upon  the  total  suc- 
°c.g 

tion  flow  coefficient  Cn^  and  upon  the  form  cf  the  inflow  velocity  distribution. 

The  lower  values  for  runs  421  and  397  may  explain  the  highly  transitional  flow 
for  these  two  runs  at  the  top  rake  position. 

(2)  The  Boundary  Layer  at  the  Rake  Position 

Stronger  suction  causes  fuller  velocity  profiles.  This  can 
be  seen  from  Figures  Z)1  through  208  ,  and  from  Figure  209  ,  where  seven  boundary 
layer  velocity  profiles  are  compared.  The  profiles  for  weak  suction 

(Cq^  ^  1.8  to  2  X  10  closely  resemble  each  other.  The  dimensionless  total 
boundary  layer  thickness  6  lies  around  z  =  8  to  9. 

The  test  points  for  the  top  and  side  rakes  (Figures  200 
through  208  )  are  not  in  agreement,  indicating  that  the  flow  around  the  test 
body  was  not  axisymmetric.  The  computed  velocities  lie  between  the  two  extremes, 
agreeing  better  with  the  points  measured  at  the  side  rake.  This  agreement  is 


/ 


/ 

L 
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(2)  The  Boundary  Layer  at  the  Rake  Position  (Continued) 

e\en  better  In  the  case  of  Increased  suction  (e.g.,  run  numbers  A6  and  78). 
The  top  rake  test  points  for  all  runs  except  46  and  78  indicate  transitional 
flow* 


Inspection  of  Figures  210  through  214  shows  a  dependence  of 

3^*,  9,  H,  Rq  and  on  the  total  suction  flow  coefficient  Cq^.  The  computed 

points  tor  Rg/yill,  andCjii^  (Figures  211,  213  and  214)  agree  fairly  well  \#ith 

the  test  results  for  the  side  rake  while  the  agreesMnt  for  6*  and  H  and  the  top 
rake  points  Is  less  satisfactory* 

The  plots  for  /Rl  and  Rg/ZR^  vs  Cq^  ?re  similar  since 


S’  ~  Cd^  /Rl  ~  Re//RL  • 


Coeluted  points  and  side  rake  points  .ire  in  relatively  close 
agreement  for  these  values  (Figures  211,  213  and  214),  while  the  top  rake  points 
are  higher*  The  points  representing  top  rake  measurements  for  run  numbers  41, 
52,  66,  397,  and  421  are  not  In  consistent  relationship  to  those  for  run  numbers 
46  ,  76,  and  76,  which  are  cases  of  stro'iger  suction*  Inspection  of  Figures  701 
through  208  Indicates  transitional  flow  for  run  numbers  41,  52,  66,  397  and  421. 

The  fuller  the  velocity  profile,  the  smaller  is  the  displace* 

ment  thickness 


tmO 


The  computed  displacement  thicknesses  on  Figure  210  are 
between  those  for  the  top  and  side  rakes.  The  agreement  for  the  cases  of 
higher  suction  (46  and  78)  is  much  better  than  for  those  of  lower  suction. 

The  computed  shape  parameters  H  (Figure  212)  are  higher 
than  those  for  the  side  and  top  rakes.  They  show  an  almost  linear  dependence 
on  Cq^,  while  the  test  points  are  more  scattered. 

The  shape  parameters  measured  at  the  top  and  side  rakes  are 
smaller  than  those  computed.  The  reasons  are: 

(a)  for  the  side  rake  is  smaller  than  computed,  while 
S’  is  about  the  same; 

(b)  for  the  top  rake  T*  is  higher,  but  ^  is  also  much 
higher,  with  the  overall  result  of  a  lower  H. 
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( F )  Conclusion 


The  laminar  boundary  layer  development  along  a  142-inch  long 
modified  Sears-Haack  body  of  revolution  was  computed  and  compared  with 
test  results  for  Reynolds  numbers  from  6.3  to  19.6  x  10^  (see  Sec*'ion  II, 
Part  1,  Chapter  D-a). 


Six  cases  of  minimum  suction  (C,^  =  1.75  to  2.02  x  I 

^t 

and  two  cases  of  higher  suction  -  2.66  and  3.68  x  10“^)  were  considered. 

Area  suction  was  assumed  and  approximated  analytically.  The  resulting 
average  difference  of  the  total  inflow  coefficient  Cq  was  0.59  percent, 
with  a  maximum  deviation  of  1.54  percent. 


The  computations  showeo  the  computed  values  to  lie  between 
those  measured  at  the  top  and  the  side  rakes.  The  differences  must  be 
attributed  to  asymmetric  flow  during  the  experiments. 

The  measured  displacement  thickness  6*  at  the  side  rake  (top 

rake)  was  68  to  88  percent  (109  to  140  percent)  of  the  computed  value, 

while  measured  momentum  thickness  9  and  wake  drag  coefficient  Cr.  at  the 

*^w 

side  rake  (top  rake)  were  89  to  102  percent  (135  and  179  percent)  of  the 
computed  values.  The  computed  wake  drag  coefficients  Cjj  ranged  from 
0.000179  to  0.000386.  w 
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10* 


TABLE  1 


30°  SWEPT  WING  MODEL 


AIRFOIL  COORDINATE  PERPENDICULAR  TO  l£ADING  EDGE 


Chord  in  perpendicular  direction  C*  «  72*96  in* 
Leading  edge  radius  Rq/^*  * 


Abscissa 

X 

%  C» _ 

0 

.5482 

.8224 

1.2335 

2.4671 

5.2786 

7.7713 

10.2641 

15.2494 

20.2347 

25.2200 

30.2054 

35.1907 

40.1760 

45.?613 

50.1467 

55.1320 

60.1173 

65.1026 

70.0881 

75.0734 

80.0587 

85.0440 

90.0294 

95.0147 

100 


Ordinate 

Y 

X  C> 


0 

±  .9745 
±1.1636 
±1.3939 
±1.9312 
±2.8506 
±3.4768 
44.0072 
±4.8607 
±5.5129 
±6.0163 
±6.3962 
±5.6664 
±6.8319 
±6.8917 
±6.8508 
±6.6973 
±6.3992 
±5.8588 
±5.1269 
±4.2694 
±3.3661 
13.4605 
±1.5404 
±  .6880 
0 
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TABLE  11 


SLOT 

NO. 


SLOT 

WIDTH 

INCHES 


POSITION  OF  SLOTS  AND  CHAMBERS.  SLOT  WIDTHS 


SLOT 
POSITION 
X  PROJECTED 
CHORD 


CHAMBER 

NO. 


SLOT 

NO. 


SLOT 

WIDTH 

INCHES 


SLOT 
POSITON 
X  PROJECTED 
CHORD 


CHAMBER 

NO. 


0.004 


0.004 

0.005 


0.005 


0.52 

2.07 

4.97 

8.92 

12.96 

16.98 
20.50 
25.00 
29.85 

33.31 
36.16 

38.54 
40.60 
42.49 

44.31 

45.99 
47.57 
49.04 

50.41 
51.75 
53.02 
54.20 
55.34 
56.39 
57.43 

58.46 

59.46 
60.45 

61.41 
62.33 
63.00 

63.55 
64.10 
64.65 
65.19 
65.74 


0.005 


0.005 


66.29 

66.84 

67.39 

67.94 

68.48 
69.03 
69.58 
70.13 
70.68 
71.23 
71.77 
72.32 
72.87 
73.42 
73.97 
74.52 
75.06 
75.61 
76.16 
76.71 
77.26 
77.81 
78.36 
78.90 
79.45 
80.00 
80.55 
81.10 
81.65 
82.19 
82.74 

83.29 

83.84 

84.39 

64.94 

85.48 


TABLE  II  (Continued) 


POSITION  OF  SLOTS  AND  CHAMBERS,  SLOT  WIDTHS 


SLOT 

SLOT  WIDTH 
NO.  INCHES 


SLOT 

POSITON  CHAMBER 

7.  PROJECTED  NO. 
CHORD 


66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 
/9 
80 
81 
82 

83 

84 

85 

86 


0.005 


0.005 


86.03 

86.58 

87.13 

87.68 

88.23 

88.77 

89.32 

89.87 

90.42 

90.97 

91.52 

92.07 

92.61 

93.16 

93.71 

94.26 

94.81 

95.36 

95.90 

96.45 

97.00 


! 

9 

10 


10 

11 


11 
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« 

« 


0 


>4 

« 

I 

z 

c 
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.00441 

.00751 
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.00963 

.00801 

.00901 

.00890 

.00704 

.00639 

.00590 

.00582 

.00511 

.00429 

.00814 

.00879 

.00873 

.00583 

.00541 

.00523 

.007^2 

.00965 

.00906 

.00826 

.00884 

.00814 
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.00593 

.00553 
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.00571 
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13.943 
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O'  .H  ■■i'  o 
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18.859 

13.417 
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90 
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TABLE  IV 


OFF-DESIGN  SUCTION  INFLOW  INTO  THE 


AFT  FOUR  CHAMBERS  AT  HIGH  REYNOLDS  NUMBER 


Run 

Chamber 

Slot 

Slot 

Number 

Number 

Number 

-Vq* 

Rs 

154 

8 

51 

-0.573 

7.32 

52 

1.545 

19.73 

53 

2.672 

34.12 

54 

3.559 

45.45 

55 

4.200 

53.63 

56 

4.767 

60.88 

57 

5.239 

66.89 

58 

5.624 

71.81 

59 

5.992 

76.51 

9 

60 

0.000 

0.00 

61 

1.636 

20.89 

62 

2.785 

35.56 

63 

3.624 

46.28 

64 

4.218 

53.86 

65 

4.818 

61.51 

66 

5.298 

67,65 

67 

5.734 

73.21 

68 

6.084 

77.69 

10 

69 

-i.290 

16.47 

70 

1.026 

13.10 

71 

2.368 

30.23 

72 

3.370 

43.03 

73 

4.291 

54.79 

74 

4.935 

63.01 

75 

5.6;  4 

72.45 

76 

6.220 

79.43 

77 

6.820 

87.08 

11 

78 

-1.365 

17.68 

79 

1.516 

19.36 

80 

2.936 

37.49 

81 

3.956 

50.51 

82 

4.537 

57.93 

83 

5.154 

65.81 

84 

5.553 

70.90 

85 

6.022 

76.90 

86 

6.355 

81.14 

10^  X 

10^  X 

% 

(%) 

Chamber 

Chamber 

Cqc 

(calc.) 

(mcas . ) 

60.54 

167.50 

.33978 

.32306 

-5. 

297.56 
401.86 
487.75 
561.68 

626.25 
682.32 
738.04 

0.00  .35184  .37905  -7.18 

174.97 

305.90 
403.59 

482.91 

559.44 
624.18 
685.36 

738.23 

134.44  .34378  .36694  -6.31 

109.73 

256.56 

375.26 

484.45 
573.03 
668.42 
743.64 
827.44 

144.29  .35644  .41182  -13.45 

162.20 
318.20 
440.47 

512.23 
590.08 
644.80 
709.52 
759.62 
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TABLE  V 


I 


X 


f 


HPDEL  COORDUUTKS 

17-rOOT  CHORD  STRAIGHT  lAKlWAR  SUCTION  tflilG 


0 

0.4 

0.5 

1.2 

1.6 

/il.O 

2.5 
3.0 
4.0 
5.0 

7.5 
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 

100.00 


0 

0.1549 

0.2240 

0.2779 

0.3250 

0,3652 

0.4142 

0.4598 

0.5471 

0.6289 

0.8142 

0.980C 

1.2632 

1.4931 

1.6770 

1.8181 

1.9181 

1.9789 

2,0000 

1.9739 

1.9181 

1.8181 

1.6770 

1.4971 

1.2730 

1.0240 

0.7461 

0.4642 

0.2044 

0 
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TABLE  VI 


CHARACTERISTICS  OF  HODEL  SLOT  AMD  METERIMG  HOLE  DESICW 
17-FOOT  CHORD  STRAIGHT  LAMINAR  SUCTIOW  WIIC 


Hole  Spacing  *■  0.50  inch 


Chamber 

Mtmiber 

1 

2 

3 

t 

3 

4 

1 

4 

5 

I 

5 

6 

I 

6 

7 

♦ 

7 

8 


8 

9 


9 

10 


10 


Slot 

Location 

Slot 

Width 

Hole  Diameter 

Ninber 

a  c) 

(in.) 

(in.) 

1 

1.000 

0.004 

0.0350 

2 

3.000 

0.0350 

3 

5.130 

0.0350 

4 

7.323 

0.0320 

5 

9.529 

0.0320 

6 

11.735 

0.0292 

7 

13.941 

0.0310 

8 

16.147 

0.0320 

9 

18.353 

0,1 

04 

0.0350 

10 

20.559 

0.005 

0.0292 

11 

22.765 

0.0310 

12 

24.971 

0.0310 

13 

27.177 

0.0310 

14 

29.749 

0.0320 

15 

32.320 

0.0320 

16 

34.180 

0.0320 

17 

35.910 

0.0320 

18 

37.540 

0.0320 

19 

39.070 

0.0310 

20 

40.520 

0.0310 

21 

41.890 

! 

0.0310 

22 

43.190 

0.0310 

23 

44.430 

1 

! 

0.0292 

24 

45.610 

0.0310 

25 

46.750 

0.0292 

26 

47.840 

0.0292 

27 

48.890 

0.0292 

28 

49.900 

0.0292 

29 

50.890 

0.0292 

30 

51.840 

0.0292 

31 

52.770 

0.0292 

32 

53.660 

0.0292 

33 

54.530 

0.0292 

34 

55.370 

0.0292 

35 

56.190 

0.0292 

36 

56.990 

0.0280 

37 

57.770 

0.^ 

05 

0.0280 
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MU  VI  (CoatliHMd) 


ChmUx 

Ntnb«r 

U 


11 

12 


12 

13 

t 


! 

13 

14 


14 

15 


Slot 

Nunbor 


Location  Slot  Width  RoU  Dlamatar 

c)  (In.)  (In.) 


38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 


rc.ijc 

59.268 

59.995 

60.708 

61.405 

62.088 

62.755 

63.408 

64.045 

64.670 

65.285 

65.898 

66.511 

67.124 

67.737 

68.350 

68.963 

69.576 

70.189 

70.802 

71.415 

72.028 

72.641 

73.254 

73.867 

74.480 

75.093 

75.706 

76.319 

76.932 

77.545 

78.158 

78.771 

79.384 

79.997 

80.610 

81.223 

81.836 

82.449 

83.062 

83.675 

84.288 

84.9CI 

85.514 

86.127 

86.740 

87.353 


0.005 


0.005 

0.006 


6.006 

0.007 

0.007 

0.007 


0.007 


0.0292 

0.0292 

0.0292 

0.0292 

0.0280 

0.0280 

0.0280 

0.0280 

0.0292 

0.0292 

0.0280 

0.0280 

0.0280 

0.0280 

0.0280 

0.0280 

0.0260 

0.0260 

0.0310 

0.0292 

0.0292 

0.0292 

0.0280 

0.0280 

0.0280 

0.0280 

0.0280 

0.0260 

0.0320 

0.0310 

0.0310 

0.0310 

0.0292 

0.0292 

0.0292 

0.0280 

0.0280 

0.0280 

0.0330 

0.0320 

0.0320 

0.0310 

0.0310 

0.0292 

0.0292 

0.0292 

0.0280 
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TABLE  VI  (C<Mitlnu«d) 


Chamber  Slot  Location  Slot  Width  Hole  Diameter 

Number  Number  (%  c)  (In.)  (in.) 


85 

87.966 

86 

88.579 

87 

89.192 

88 

89,805 

89 

90.418 

90 

91,031 

91 

91.644 

92 

92.257 

93 

92.870 

94 

93.483 

95 

94.096 

56 

94.709 

97 

95.322 

98 

95.935 

99 

96.548 

100 

97.161 

0,007 


0.007 

0.008 


0.008 


0.0280 
0.0350 
0.0330 
0.0320 
0.0320 
0.0310 
0,0310 
0.0292 
0,0292 
0.0292 
0.0280 
0  0280 
0.0280 
0,0260 
0,0250 
0,0250 


T^L£  Yll 


FAIRUC  ORDIMATES 

I7«rOOT  CHOW)  STRAIGHT  UMIMAR  SUCTIOH  WING 


Abscissa  X  OrdinaCe  y 

Measured  from  Airfoil  Nose  Fairing  No»  1 
(in.)  (in.) 


Ordinate  y 
Fairing  No.  2 
(in.) 


-30.000 

0 

-20.000 

5.903 

-10.000 

7.467 

-6.919 

0 

m  m 

0 

1.005 

7.920 

10.000 

2.206 

7.719 

20.000 

3.173 

7.433 

30.000 

3.944 

7.112 

AO.OOO 

4.549 

6.786 

50.000 

5.013 

6.470 

60.000 

5.356 

6.163 

70.000 

5.594 

5.867 

80.000 

5.740 

5.580 

90.000 

5.800 

5.304 

100.000 

5.780 

5.037 

110.000 

5.680 

4.781 

120.000 

5.500 

4.534 

130.000 

5.240 

4.297 

1 AO. 000 

4.900 

4.042 

150.000 

4.480 

3.696 

160.000 

3.980 

3.246 

170.000 

3.410 

2.708 

180.000 

2.810 

2.094 

190.000 

2.210 

1.428 

200.000 

1.610 

0.734 

210.000 

1.010 

0.330 

210.479 

m  m 

0 

220.000 

0.410 

226.833 

0 
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TABLE  'III 


MODEL  COORDINATES 


MODIFIED  SEARS-HAACK  LAMINAR  SUCTION  BODY  OF  REVOLUTKW 


x/L' 


0 

.005 
.010 
.030 
.050 
.075 
.  100 
.  150 
.200 
.250 
.300 
.350 
.400 
,450 
.500 
.550 
.600 
.650 
.700 
,750 
faOO 
.850 
.900 
.950 
1.000 
1.030 


r/L' 

0 

.00433 
.00638 
.01239 
-01714 
.02189 
.02664 
.03412 
.04017 
. 04505 
.04892 
.05186 
.05392 
.05515 
.05556 
.05515 
.05392 
.05186 
.04892 
.04505 
.04017 
.0341'< 
.02798 
.02342 
.02097 
.02050 
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TABLE  IX 

CHARACTERISTICS  OF  HODEL  SLOT  AMD  METERING  HOLE  DESIGN 
HODiriED  SEARS-HAACK  LAMINAR  SUCTION  BODY  OF  REVOLUTION 
All  slot  vidth*  «  0.003  inch 


Slot 

Hole 

Number 

Chamber 

Slot 

Position 

Dianoeter 

Of  Holes 

Number 

Number 

(Z  Leneth) 

( Inch) 

(Per  Inch) 

1 

1 

.0556 

.0260 

5.23 

2 

.0699 

.0260 

6.80 

3 

.0642 

.0292 

6.98 

1 

4 

.0986 

.0465 

4.42 

* 

1 

5 

.1129 

.0260 

4.88 

6 

.1272 

.0260 

5.32 

7 

.1416 

.0260 

5.82 

8 

.1559 

.0260 

6.77 

9 

.1703 

.0292 

6.04 

2 

10 

.1846 

.0320 

5.28 

3 

11 

.1989 

.0260 

5.50 

12 

.2133 

.0260 

5.78 

13 

.2276 

.0260 

5.96 

14 

.2419 

.0260 

5.87 

15 

.2563 

.0280 

5.56 

16 

.2706 

.0292 

5.20 

17 

.2849 

.0310 

4.78 

18 

.2993 

.0320 

4.48 

3 

19 

.3136 

.0330 

4.23 

4 

20 

.3280 

.0260 

5.06 

4 

21 

.3423 

.0260 

5.12 

22 

.3566 

.0260 

4.92 

23 

.3710 

.0280 

4.72 

24 

.3853 

.0280 

4.54 

25 

.3996 

.0230 

4.35 

26 

.4140 

.0292 

4.23 

1 

[ 

27 

.4283 

.0292 

4.00 

4 

28 

.4427 

,0310 

4.00 

f 

> 

29 

.4570 

.0260 

4.48 

30 

.4713 

.0260 

4.39 

31 

.4857 

.0280 

4.26 

32 

.5000 

4.15 

33 

.5143 

4.02 

34 

.5287 

.0280 

4.00 

35 

.5430 

.  0292 

4.00 

36 

.5573 

37 

.5717 

5 

38 

.5860 

.0292 

) 

1 

39 

.6004 

.0292 

4.00 

40 

.6147 

.0292 

4.00 

41 

.6290 

1 

1 

6 

\ 

42 

.  6434 

.0292 

o 

-o 
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Chamber  Slot 

-  Number  Number 


6 


6 

7 


7 

9 


8 


ii 

9 


9 

10 


43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 
■78 

79 

80 
81 
82 

83 

84 

85 

86 
87 
P8 
89 


TABLE  IX  (Continued) 


Slot 

Hole 

Number 

Position 

Diameter 

Of  Holes 

(%  Leneth) 

( Inch) 

(Per  Inch) 

.6577 

.0280 

4.00 

.6720 

.0280 

4.00 

.6864 

.0260 

4.  19 

.7007 

4.00 

.7151 

3.66 

.7294 

3.31 

.7437 

.0260 

2.89 

.7509 

.0310 

8.56 

.7545 

.0292 

9.12 

.7581 

.0280 

9.56 

.  7  6  i  6 

.0260 

9.98 

.7652 

9.62 

.7688 

9.04 

.7724 

8.58 

.7760 

8.14 

.7796 

7.76 

.7832 

.0260 

7.44 

.7867 

.0350 

7.44 

.7903 

.0320 

8.28 

.7939 

.0292 

8.92 

.7975 

.0280 

9.73 

.8011 

.02( 

10.05 

.8047 

1 

9.42 

.8082 

8.76 

.8118 

8.24 

.8154 

7.82 

.8190 

.027 

0 

7.44 

.8226 

.0410 

6.37 

.8262 

.0350 

7.44 

.8297 

.0230 

8.32 

.8333 

.0292 

9.04 

.8369 

.0260 

9.74 

.8405 

9.70 

.8441 

8.98 

.8477 

8.40 

.8513 

.0261 

0 

7.86 

.8548 

.0260 

7.44 

.8584 

.0410 

6.48 

.8620 

.0350 

7.56 

.8656 

.0310 

8.44 

.8692 

.0280 

9.20 

.8728 

.0260 

9.90 

.8763 

.0260 

9.56 

,8799 

.0260 

8.86 

.8799 

.0260 

8.86 

.8871 

1 

7 . 84 

.8907 

.0260 

7.44 
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TABLE  IX  (Continued) 


Slot 

Hole 

Number 

Chamber 

Slot 

Position 

Diameter 

Of  Holes 

Number 

Number 

(Z  Lenath) 

( Inch ) 

(Per  Inch) 

1 

1 

90 

.8943 

.0330 

7.72 

91 

.8978 

.0310 

8.48 

92 

.9014 

.0292 

9.14 

93 

.9050 

.02 

►0 

9.72 

94 

.9086 

9.82 

95 

.9122 

9.20 

96 

.9158 

8.64 

97 

.9194 

8.18 

98 

.9229 

7.80 

1 

99 

.9265 

.0260 

7.44 

i; 

2 

100 

.9301 

.0330 

7.84 

101 

.9337 

.0310 

8.48 

102 

.9373 

.0292 

9.00 

103 

.9409 

.0280 

9.78 

104 

.9444 

.0260 

9.98 

105 

.9480 

9.66 

106 

.9516 

9.18 

107 

.9552 

.02 

)0 

8.86 

108 

.9588 

.0260 

8.60 

12 

109 

.9624 

.0260 

8.30 

i; 

1 

110 

.9660 

.0330 

7.84 

111 

.9695 

.0320 

8.28 

112 

.9731 

.0310 

8.62 

113 

.9767 

,0292 

3.94 

114 

9803 

.0280 

9.24 

115 

.9839 

.0280 

9.78 

116 

.9875 

.0260 

9.82 

117 

.9910 

.0260 

10.05 

118 

.9946 

.02i 

)0 

9.84 

119 

.9982 

7 

9.52 

13 

120 

1.0018 

.0260 

9.24 
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TABLE  X 


STATIC  PRESSURE  ORIFICE  AMD  MICROPHONE  LOCATIOHS 
MODIFIED  SEARS-HAACK  LAMINAR  SUCTION  BODY  OF  REVOLUTIOW 


Static  Orifice 

Position 

Microphone 

Position 

Number 

(%  Length) 

Number 

(%  Lensth) 

1 

1.00 

1 

8.96 

2 

3.00 

2 

30.82 

3a , b , c ,  d 

5.00 

3 

57.89 

4 

7.50 

4 

73.48 

5 

10.  C4 

5 

77.78 

6 

14.50 

6 

81.36 

7 

19.50 

7 

88.17 

8 

25.00 

8 

91.76 

9 

29.50 

9 

95.34 

10 

35.00 

11 

39.50 

12 

45.00 

13 

55.00 

14 

59.50 

15 

65.00 

16 

69.50 

17 

74.91 

18 

79.93 

19 

84.95 

20 

89.96 

21 

94.98 

22 

100.00 
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TABLE  XI 


SUMMARY  OF  TEST  POINTS  CHOSEN  FOR 


ANALYTICAL  STUDY  OF  BOUNDARY  LAYER  DEVELOPMENT 


Run  Number 

Length  Reyr.nld®  Number  Ri 

A1 

6,302,360 

A6 

6,337,120 

52 

8,75A,970 

66 

13,585,310 

76 

1A,7A2,850 

78 

1A,708,310 

397 

17,228,A80 

A21 

19,583,9A0 
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CHORDWISE  SUCTION  IMFLOW  VELOCITY  DISTRIBITTION  -  v  *  VS  x 
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93  TOLLHISN  -SCHLICHTING  INSTABILITY  AGAINST  2  DIMENSIONAL 

DISTURBANCES  (DISTURBANCE  WAVE  FRONTS  ALONG  WING  SPAN) .  301 

94  TRANSITION  LIMIT  WITH  INCREASING  SUCTION  ON  ONE  CHAMBER 
30°  SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND, 

R^.  »  5.8  X  106 .  302 

95  TRANSITION  LIMIT  WITH  INCREASING  SUCTION  LEVEL  30°  SWEPT 

SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND,  Rc  »  5.8  x  lO^...  303 

96  TRANSITION  LIMIT  WITH  INCREASING  FORWARD  SUCTION  30°  SWEPT 

SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND,  R^  «  4. 1  x  iO^...  304 

'  c 

97  TRANSITION  LIMIT  WITH  INCREASING  SUCTION  LEVEL  30°  SWEPT 

SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND,  R^.  »  8.1  x  lO^...  305 

98  TRANSITION  LIMIT  WITH  INCREASING  FORWARD  SUCTION  AND 

INCREASING  SUCTION  LEVEL  30°  SWEPT  SUCTION  WING  UNDER  THE 
INFLUENCE  OF  SOUND,  Rc  »  9.8  x  10^ .  306 

99  TRANSITION  LIMIT  WITH  INCREASING  FORWARD  SUCTION  30°  SWEPT 

SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND,  R^  ■  11.5  x  lO^..  307 
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VELOCITY  FLUCTUATION,  “1,  FOR  TRANSITION  WITH  SMOOTH  WING 

AND  PINHOLE  IMPERFECTIONS  AS  A  FUNCTION  OF  CHORD  REYNOLDS 
NUMBER  30 SWEPT  SUCTION  WINC  UNDER  THE  INFLUENCE  OF  SOUND*.  308 

VELOCITY  FLUCTUATION,  Hi,  FOR  TRANSITION  WITH  SINGLE  AND 

U«, 

MULTIPLE  SLOTS  OPEN  WITHOUT  SUCTION  AS  A  FUNCTION  OF 

CHORD  REYNOLDS  NUMBER  30°  SWEPT  SUCTION  WING  UNDER  THE 

INFLUENCE  OF  SOUND . . .  309 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  EXTERNAL 
SOUND,  125  DB,  863  CPS,  »  14*2  x  10^,  STRIPS  STARTING 
AT  12%  CHORD,  RUN  156  . 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS* 
VERSE,  TRANSDUCER,  122  DB,  800  CPS,  Rj.  «  11*2  x  10^, 

WEDGE  AT  17%  C  FROM  UNSEALED  STATIC  PRESSURE  AT  3*7%, 
RUN  532  . 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI* 
TUDINAL,  TRANSDUCER,  115  DB,  800  CPS,  R^.  •  5*8  x  10^, 

WEDGES  AT  30%  C  TOP  AND  AT  35%  C  BOTTOM  FROM 
IMPERFECTLY  SEALED  FORWARD  SLOTS,  RUN  221  . 


TRANSITION  SHOWN  BY  NAPHTHAI^E  SPRAY  TECHNIQUE  TRANS* 
VERSE,  SPEAKERS,  127  DB,  200  CPS,  R^.  *  4.1  x  10^, 
STRIATIONS  AT  45  AND  49%  C,  RUN  292  . 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE,  SPEAKERS,  121  DB,  365  CPS,  R^  «  5*8  x  10^, 
STRIATIONS  AT  46  AND  50%  C,  RUN  315  . 


TRANSITION  SHOWN  BY  NAPHTHAIENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE,  SPEAKERS,  129*5  Db,  667  CPS,  R^  *  5,8  x  10^, 
STRIATIONS  AT  63  AND  67%  C,  RUN  304  . . 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TE  JHNIQUE  LONGI* 
TUDINAL,  TRANSDUCER,  133  DB,  400  CPS,  R^.  «  4,1  x  10^, 
TRANSITION  AT  46%  C  TOP  AND  AT  49%  C  BOTTOM,  RUN  286  , 


TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE,  SPEAKERS,  125  DB,  400  CPS,  Rc  «  4.1  x  10^, 
STRIATIONS  AT  45  AND  56%  C,  RUN  290  ,,*,.*, . . 
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110  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 

TUDINAL,  TRANSDUCER,  128.5  DB,  1000  CPS,  Rg  »  8.1  x  10^, 
TRANSITION  AT  9%  C,  RUN  447  . .  318 

111  TRaMSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE,  TRANSDUCER,  130  DB,  1000  CPS,  Rg  «  8.1  x  10^, 

TRANSITION  AT  34T  C,  RUN  999  .  319 

112  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  1'ECHNIQUE  TRANS¬ 
VERSE,  TRANSDUCER,  130  DB,  1000  CPS,  Rg  =8.1  x  10®, 

TRANSITION  AT  34X  C,  RUN  999  .  320 

113  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TR^ANSDUCER,  130  DB,  1000  CPS,  R^  =  8.1  x  10^, 

TRANSITION  AT  68X  C,  RUN  474  .  321 

114  TRANSITION  SHOWN  BY  NAPHTHAI-PNE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  134.5  D3,  781  CPS,  Rg  =  8.1  x  10^, 

TRANSITION  AT  707.  C,  RUN  460  .  322 

115  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  125  DB,  800  CPS,  Rg  »  8.1  x  10^, 

TRANSITION  AT  507.  CHORD,  RUN  921  .  323 

116  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  127  DB,  800  CPS,  Rg  =8.1  x  10^, 

TRANSITION  AT  497.  C,  RUN  920  .  324 

117  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 

TUDINAL,  TRANSDUCER,  130  DB,  800  CPS,  Rc  =  8.1  x  10^, 
transition  at  487.  C,  RUN  919  .  325 

118  transition  shown  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  133  DB,  800  CPS,  Rg  =8.1  x  10^, 

TRANSITION  AT  44%  C,  RUN  918  . .  326 

119  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  134  DB,  785  CPS,  Rg  =  8.1  x  10^, 

STRIATIONS  AT  63  TO  667.  C  ABOVE,  STRIPES  AT  44  TO  497. 

C  BELOW,  RUN  335  .  J27 
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120  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE  SPEAKERS,  117  DB,  365  CPS,  R^  -  5.8  x  10^, 

1/2- INCH  STREAKS  AT  75  TO  lOOt  C,  RUN  324  .  328 

121  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS- 
'^.RSE,  SPEAKERS,  118  DB,  365  CPS,  R^.  «  5.8  x  10^, 

1/2-INCH  STREAKS  AT  75  TO  100%  C,  RUN  316 . . .  329 

122  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  NO 
SOUND  INPUT,  Rc  «  5.8  X  10^,  1/2-IKCH  STREAKS  AT 

75  TO  100%  C,  RUN  32/  . .  330 

123  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  TRANS¬ 
VERSE,  SPEAKERS,  121  DB,  365  CPS,  R^,  «  5.8  x  10^, 

TRANSITION  AT  50%  C  AND  1/2-INCH  STREAKS,  RUN  315 .  331 

124  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  NO 
SOUND  INPUT,  R^  =8.1  x  10^,  TRANSITION  AT  90  TO 

94%  C  (COMING  FROM  STREAKS)  RUN  453  . .  332 

125  TRANSITION  SHOVW  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 

TUDINAL,  TRANSDUCER,  129  DB,  300/600  CPS,  R^  «  5.8  x  10^, 
TRANSITION  AT  63%  C,  RUN  310 . . .  333 

126  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE  LONGI¬ 
TUDINAL,  TRANSDUCER,  134  DB,  800  CPS,  R^.  “  8.1  x  10^, 

TRANSITION  AT  6  TO  9%  C,  RUN  455  .  334 

127  TOLLMIEN-SCHLICHTING  BOUNDARY  LAYER  OSCILLATIONS,  NO 

APPLIED  SUCTION,  NO  APPLIED  SOUND,  y  «  0,018  INCH .  335 

128  NCNSUCTICN  AMPLIFIED  OSCILLATION  FREQUENCY  DEPENDENCE  .  336 

129  CHORDWISE  HOT  WIRE  TRAVERSE,  SPL  =  105  DB,  f  «  248  CPS, 

Rc  =  14.2  X  10^,  y  *  0.073  INCH .  337 

130  CHORDWISE  HOT  WIRE  TRAVERSE,  SPL  -  110  DB,  f  »  248  CPS, 

Rc  «=  14.2  X  10^,  V  =  0.073  INCH .  338 

131  CHORDWISE  HOT  WIRE  TRAVERSE,  SPL  =  115  DB,  f  »  248  CPS, 

Rj.  =  14.2  X  10^,  y  =  0.072  INCH . . . . .  339 

132  CHORDWISE  SUCTION  DISTRIBUTION  .  340 
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133  BOUNDARY  LAYER  FLUCTUATIONS  AT  VARIOUS  CHORD 
LOCATIONS,  f  -  248  CPS,  R^  -  14.2  X  10^,  PROBE 

AT  y  »  0.073  INCH . .  341 

134  EXTERNAL  SOUND  LEVEL  TO  CAUSE  TRANSITION  AS  A 

FUNCTION  OF  CHORD,  Rc  -  14.2  x  10^ .  342 

135  EXTERNAL  SOUND  LEVEL  TO  CAUSE  TRANSITION  AT 
VARIOUS  CHCBIOWISE  STATIONS  AS  A  FUNCTION  OF 

FREQUENCY,  R^  «  14.2  x  10^ . . .  343 

136  EXTERNAL  SOUND  LEVEL  TO  CAUSE  TRANSITION  AS  A 
FUNCTION  OP  CKORDWISE  LOCATION  OF  TRANSITION, 

R^  *  14.2  X  10^ . . . . .  344 

137  EXTERNAL  SOUND  LEVEL  TO  CAUSE  TRANSITION  AS  A 

FUNCTION  OF  FREQUENCY,  R^  14.2  x  10^  . . .  345 

138  CHORDWISE  HOT  WIRE  TRAVERSE,  3PL  »  120  DB, 

f  •  775  CPS,  Rc  -  14.2  x  10^  y  *  0.044  INCH .  346 

139  OSCILLOSCOPE  PHOTOGRAPH  OF  HOT  WIRE  SIGNAL 
SUPERIMPOSED  ON  REFERENCE  SIGNAL  FOR  u»  WIRE  AT 
55X  C  IN  A  449  CPS  SOUND  FIELD;  125  DB  TOP,  126 
DB  MIDDLE,  127  DB  BOTTOM  (SWEEP  CHANGED  BETWEEN 

TOP  AND  MIDDLE  TRACES)  . . .  347 

140  OSCILLOSCOPE  PHOTOGRAPH  OF  HOT  WIRE  SIGNAL  FOR 

u»  WIRE  LOCATED  AT  90Z  C  IN  449  CPS,  130  DB  SOUND 

FIELD  (TRACE  FROM  LEFT  TO  RIGHT)  .  348 

141  LONGITUDINAL  VELOCITY  FUICTUATIOKS  AT  45X  CHORD 
30®  SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE  OF 

SOUND  Rc  «  6.1  X  10^  . .  34^^ 

142  EFFECT  OF  SUCTION  LEVEL  INCREASE  ON  TRANSITION 

WITH  INTERNAI.  SOUND,  Rc  -  11.5  x  10^  .  350 

143  EFFECT  OF  INCREASING  SUCTION  LEVEl.  ON  TRANSITION 

WITH  INTERNAL  SOUND,  Rc  -  16.4  x  10^  .  35I 

144  EFFECT  OF  INCREASING  SUCTION  LEVEL  ON  TRANSITION 

WITH  INTERNAL  SOUND,  Rc  -  18.9  x  10^ .  352 
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145  EFFECT  OF  SUCTION  LEVEL  INCREASE  ON  TRANSITION 

WITH  INTERNAL  SOUND,  R^  «  19,3  x  10^ . .  353 

146  EFFECT  OF  LOCAL  SUCTION  INCREASE  ON  TRANSITION 

WITH  INTERNAL  SOUND,  R^.  *  16.4  x  10^  .  354 

147  EFFECT  OF  LOCAL  SUCTION  INCREASE  ON  TRANSITION 

WITH  INTERNAL  SOUND,  R^  »  19.3  x  10^ . . .  355 

148  EFFECT  OF  SUCTION  ON  TRANSITION  WITH  INTERNAL 

SOUND,  R^  *=  14.2  X  10^  .  356 

149  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE, 

INTERNAL  SOUND,  150  DB,  582  CPS,  R^  «  11.5  x  10^, 

SUCTION  RUN  205  . . . . .  357 

150  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE, 

INTERNAL  SOUND,  150  DB,  582  CPS,  R^  «  11.5  x  10^, 

SUCTION  RUN  205  .  338 

151  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE. 

INTERNAL  SOUND,  146  DB,  200  CPS,  R^  »  11.5  x  10  . 

SUCTION  RUN  205,  TRANSITION  AT  50%  CHORD,  RUN  15 .  339 

152  TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE, 

INTERNAL  SOUND,  159  DB,  200  CPS,  R^.  »  11.5  x  10^, 

SUCTION  RUN  205,  TRANSITION  AT  ABOUT  45%,  RUN  17  .  360 

153  DRAG  EFFECT  OF  INCREASING  SUCTION  LEVEL  TO  MAIN¬ 
TAIN  LAMINAR  FLOW  WITH  FORCED  PANEL  VIBRATION, 

R^  18.9  X  10^  .  383 

154  DRJ^G  EFFECT  OF  INCREASING  SUCTION  LOCALLY  70  MAIN¬ 
TAIN  LAMINAR  FLOW  WITH  FORCED  PANEL  VIBRATION, 

R^.  «  11,5  X  10^  . . .  362 

155  DRAG  EFFECT  OF  INCREASING  SUCTION  LOCALLY  TO  MAIN¬ 
TAIN  LAMINAR  FLOW  WITH  FORCED  PANEL  VIBRATION, 

R^  14.2  X  10^ . . . .  363 

156  DRAG  EFFECT  OF  INCREASING  SUCTIW  LOCALLY  TO  MAIN¬ 
TAIN  laminar  FL{3W  with  FORCED  PANEL  VIBRATION, 

R^  »  16.4  X  10^ . . . .  364 
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157  ORAC  EFFECT  OF  INCREASING  SUCTION  LOCALLY  TO  MAIN¬ 
TAIN  LAMINAR  FLOW  WITH  FORCED  PANEL  VIBRATION, 

Rc  -  18.9  X  10^ .  365 

158  SUCTION  REQUIREMENTS  FOR  LAMINAR  FLOW  WITH  VARIOUS 

COMBINATIOMS  OF  EXTERNAL  SOUND,  INTERNAL  SOUND  AND 
VIBRATION,  R^  -  18.9  x  10^  .  366 

159  SUCTION  REQUIREMENTS  FOR  LAMINAR  FLOW  WITH  EQUAL 
STRENGTH  COMBINATIONS  OP  EXTERNAL  SOUND,  INTERNAL 

SOUND  AND  VIBRATION,  >  18.9  x  10^ .  367 

160  MODIFIED  SEARS-HAACK  BODY  OF  REVOLUTION  MODEL 

CROSS  SECTION  WITH  DETAILS  OF  SUCTION  SLOTS .  368 

161  MODIFIED  SEARS-HAACK  BODY  OP  REVOLUTION 

INSTALLATION  DRAWING  .  369 

162  BOUNDARY  UYER  CONTROL  SEARS-HAACK  BODY  OF  REVOLUTION .  370 

163  BOUNDARY  UYER  CONTROL  SEARS-HAACK  BODY  OF  REVaUTION .  371 

164  MODIFIED  SEARS-HAACK  BODY  OF  REVOLUTION 

COCmDINATE  SYSTEM . 372 

165  PRESSURE  DISTRIBUTION  OF  SIMIUR,  NON-SUCTION 
MODEL  MEASURFD  IN  NORAIR  8  x  11  FOOT  WIND 

TUNNEL  (FROM  REFERENCE  33)  .  373 

166  DESIGN  AREA  SUCTION  VELOCITY  DISTRIBUTION  AND 

THEORETICAX  BOUNDARY  UYER  DEVELOPMENT  R^  «  49  x  10^ .  374 

167  PRESSURE  DISTRIBUTIONS  AT  ANGLES  OF  ATTACK  or  »  0  AND  2°  . . .  .  375 

168  PARTIAL  DRAG  VERSUS  SUCTION  QUANTITY  Cq^  FOR 

VARIOUS  REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  or .  376 

169  PARTIAL  DRAG  VERSUS  SUCTION  QUANTITY  C^^  FOR 

VARIOUS  REYNOLDS  NUMBERS  R^  AND  iO(GLES  OF  ATTACK  or .  377 

170  PARTIAL  DRAG  Cj^  VERSUS  SUCTION  QUANTITY  Cp^  FOR 

VARIOUS  REYNOLDS  NUMBERS  Rj^  AND  ANGLES  OF  ATTACK  cr .  378 

171  DRAG  Cp  VERSUS  SUCTION  QUANTITY  Cg^  FOR  VARIOUS 

REYNOLDS  NUMBERS  R^.  AND  ANGLES  OF  ATTACK  rr .  379 
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172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 


Figure  Title 

DRAG  Cp  VERSUS  SUCTION  QUANTITY  Cp^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTAtSC  a . 

DRAG  Cj)  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  or . 

DRAG  Cp  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  a  . 

DRAG  Cj,  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OP  ATTACK  or . 

DRAG  Cjj  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  a . . 

PARTIAL  DRAG  Cjj^  VERSUS  SUCTION  QUANTITY  Cp^  FOR 
VARIOUS  REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  a  , 

PARTIAL  DRAG  Cjj^  VERSUS  SUCTION  QUANTITY  Cp^  FOR 
VARIOUS  REYNOLDS  NUMBERS  R^^  AND  ANGLES  OF  ATTACK  GT  , 

PARTIAL  DRAG  VERSUS  SUCTION  QUANTITY  Cp^  FOR 
VARIOUS  REYNOLDS  NUMBERS  Rj^  AND  ANGLES  OF  ATTACK  a  , 

DRAG  Cjj  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NIPPERS  R^  AND  ANGLES  OF  ATTACK  or . . 

DRAG  Cj)  VERSUS  SUCTION  QUAKTiTY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  Of . 

DRAG  Cjj  VERSUS  SUCTION  QUANTITY  Cp^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  ATTACK  a . 

VARIATION  OF  MINIMUM  EQUIVALENT  TOTAL  DRAG 

AND  SUCTION  COEFFICIENT  AT  MINIMUM  EQUIVALENT  TOTAL 
DRAG  Cp^pj.  WITH  LENGTH  REYNOLDS  NUMBER  R^,  Of  «  0® 

variation  of  minimum  equivalent  TOTAL  DRAG  C,. 

‘^Hnin 

AND  SUCTION  COEFFICIENT  AT  MINIMUM  EQUIVALENT  TOTAL 
DRAG  Cp^p^  WITH  LENGTH  REYNOLDS  NUMBER  R^,  a  «  0°. 

SIDE  RAKE  DATA  ONLY . . . 


380 

38] 

382 

383 

384 

385 

386 

387 

388 

389 


3^0 


391 


392 
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185  variation  of  MINIMUM  EQUIVALENT  TOTAL  DRAG 

AND  SUCTION  COEFFICIENT  AT  MINIMUM  EQUIVALENT  TOTAL 

DRAG  Cq^^  with  LENGTH  REYNOLDS  NUMBER  R|^,  or  -  2*’ .  393 

186  LENGTHWISE  DISTRIBUTION  OF  EQUIVALENT  AREA  SUCTION 
V*  FOR  SEVERAL  REYNOLDS  NUMBERS  R^  COMPARED  TO 

DESIGN  SUCTION  VELOCITY  DISTRIBUTION .  394 


187e  BOUNDARY  UYER  VELOCITY  PROFILES  MEASURED  NEAR 

MINIMUM  equivalent  TOTAL  DRAG  C^  AT  SEVERAL 

^in 

REYNOLDS  NUMBERS  Rj^,  a  •  0° .  395 

187b  BOUNDARY  LAYER  VELOCITY  PROFILES  MEASURED  NEAR 

MINIMUM  equivalent  TOTAL  DRAG  Cq^  ^  AT  SEVERAL 

HBln 

REYNOLDS  NUMBERS  Rj^,  or*  0*»  .  396 

188e  VARIATION  OF  AFT  END  BOUNDARY  UYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq  R^  *  6.303  x 

10^  0*0® . . .  397 


ia8b  VARIATION  OF  AFT  END  BOUNDARY  UYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq  R,^  •  6,303  x 

10®  0*0® . J.,... .  398 

I89e  VARIATION  OF  AF7  END  BOUNDARY  UYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq^  R^  “  13,585  x 

10^  or  ■  0® .  j99 


189b  VARIATION  OF  AFT  END  BOUNDARY  UYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq^  R^  -  13,585  x 

10^  0*0® . . .  400 


190e  VARUTION  OF  AFT  END  BOUNDARY  LAYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq^  R^  -  19,592  x 

10^  a  -  0® .  401 

190b  VARIATION  OF  AFT  END  BOUNDARY  LAYER  VELOCITY 

PROFILE  WITH  SUCTION  COEFFICIENT  Cq^  R^  *  19,592  x 

10^  or  -  0®  . . .  402 


191  SEARS-HAACK  SUCTION  BODY  CONTOUR  AND  CHORDWISE 

VELOCITY  DISTRIBUTION  .  403 

192  COMPARISON  OF  EXPERIMENTAL  AND  ANALYTICAL  CHORDWISE 

SUCTION  INFLOW  VELOCITY  DISTRIBUTION  FOR  RUN  NUMBER  66  404 
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LIST  OF  FIGURES  FOR  SECTION  III,  PART  1  (Continued) 


Figure  No.  Figure  Title  Peg* 


193  VARIATION  OF  DISPLACEMEWT  THICKNESS  MOHENTUM 
THICKNESS  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  Rn  AND  NONDIMENSIONAL  SUCTION 

INFLOW  VELOCITY  v^,*  WITH  CHORD .  ^03 

194  variation  OF  DISPLACEMENT  THICKNESS  MOMENTUM 

THICKNESS  9,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  Rq  AND  NONDIMENSIONAL  SUCTION 

INFLOW  VELOCITY  Vq*  WITH  CHORD .  406 

195  variation  OF  DISPLACEMENT  THICKNESS  5*,  MOMENTUM 
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INFLOW  VELOCITY  v^*  WITH  CHORD .  407 

196  VARIATION  OF  DISPLACEMENT  THICKNESS  MOMENTUM 

THICKNESS  S,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  Re  AND  NONDIMENSIONAL  SUCTION 

INFLOW  VELOCITY  WITH  CHORD .  408 

197  VARIATION  OF  DISPLACEMENT  THICKNESS  6*,  MOMENTUM 
THICKNESS  S,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUJ-fflER  Rq  AND  NONDIMENSIONAL  SUCTION 

INFLOW  VELOCITY  v^*  WITH  CHORD  . .  409 

198  variation  of  DISPLACEMENT  THICKNESS  !*,  MOMENTUM 
THICKNESS  9,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  Rq  AND  NONDIMENSIONAL  SUCTION 

INFLOW  VELOCITY  v^*  WITH  CHORD .  410 

199  VARIATION  OF  DISPLACEMENT  THICKNESS  I*,  MOMENTUM 
THICKNESS  e,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  R9  AND  NONDIMENSIONAL  SUCTION 

INFLa^  VELOCITY  Vq*  WITH  CHORD  . . . .  411 

200  variation  of  DISPLACEMENT  THICKNESS  6*,  MOMENTUM 
THICKNESS  5,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  R?  aND  NONDIMEl’ iICNAL  SUCTION 

INFLOW  VELOCITY  v^*  WITH  CHORD .  412 

201  COMPARISON  OF  MEASURED  AND  CALCULATED  BOUNDARY 

UYER  VELOCITY  PROFILES  AT  THE  RAKE  POSITION .  413 

202  COMPARISON  OF  MEASURED  AND  CALCULATED  BOUNDARY 

LAYER  VELOCITY  PROFILES  AT  THE  RAKE  POSITION  .  414 

203  COMPARISON  OF  MEASURED  AND  CALCULATED  BOUNDARY 

LAYER  VELOCITY  PROFILES  AT  THE  RAKE  POSITION .  415 
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204 

COMPARISON  OF  MEASURED  AND 
UYER  VELOCITY  PROFILES  AX 

205 

COMPARISai  OF  MLASURED  AND 
UYER  VELOCITY  PROFILES  AT 

206 

COMPARISON  OF  MEASURED  AND 
UYER  VELOCITY  PROFILES  AT 

207 

COMPARISON  OF  MEASURED  AND 
UYER  VELOCITY  PROFILES  AT 

208 

CGtffARISON  OF  MEASURED  AND 
UYER  VELOCITY  PROFILES  AT 

If  Tltlt  Page 

CALCULATED  BOUNDARY 

THE  RAKE  POSITION .  4l6 

CALCUUTED  BOUNDARY 

THE  RAKE  POSITION . 417 

CALCULATED  BOUNDARY 

THE  RAKE  POSITION .  418 

CALCULATED  BOUNDARY 

THE  RAKE  POSITION .  419 

CALCUUTED  BOUNDARY 

THE  RAKE  POSITION .  420 


209  COMPARISON  OF  COMPUTED  BOUNDARY  UYER  VELOCITY 

DISTRIBUTIONS  AT  THE  RAKE  POSITION  . 


421 


210  VARIATION  OF  EXPERIMgNTAL  AND  COMPUTED  DIS¬ 
PLACEMENT  THICKNESS  6*  AT  THE  RAKE  POSITION 

WITH  TOTAL  SUCTION  FLC^  COEFFICIENT  Cq^ .  422 

211  VARIATION  OF  EXPERIMENTAL  AND  COMPUTED 
JWMENTUM  THICKNESS  §  AT  THE  RAKE  POSITION 

WITH  TOTAL  SUCTION  FLOW  COEFFICIENT  Cq^ .  423 

212  VARIATION  OF  EXPERIMENTAL  iWD  COMPUTED  SHAPE 
PARAMETER  H  AT  THE  RAKE  POSITION  WITH  TOTAL 

SUCTION  FLOW  COEFFICIENT  Cq^ . 424 

213  VARIATION  OF  EXPERIMENTAL  AND  COMPUTED  Rq  / 

AT  THE  RAKE  POSITION  WITH  TOTAL  SUCTION 

FLOW  COEFFICIENT  Cq^ .  425 

214  VARIATION  OF  EXPERIMENTAL  AND  COMPUTED  Cn 
AT  THE  RAKE  POSITION  WITH  TOTAL  SUCTION  ^ 

FLOW  COEniCIENT  Cq^  . 426 

215  VARIATION  OF  CENTER  OF  GRAVITY  POSITION  OF 
SUCTION  INFLOW  VELOCITY  DISTRIBUTION  WITH 
LENGTH  REYNOLDS  NUMBER  R^  AND  TOTAL  SUCTION 

FLOW  COEFFICIENT  Cq  .  427 
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FIGURE 


SUPPORT  FAiRiNO 


MODEL  INSTALLATION  (SCHEMATIC) 


figure  3  30»  SWEPT,  127.  THICK  LAMINAR  SUCTION  WING  MODEL 


VING  CROSS  SICTION  WITH  OBTAILS  OF  SUCTION  CHAWBRS  &  SUCTION  SLOTS 
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FIGURE  5  DRAG  %  VERSUS  SUCriON  QUAWTITY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  Rc  AND  ANGLES  OF  ATTACK  Q 
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FlCimE  6  OliWS  Co  vnsus  SIX^TIOM  qUiRTlTT  Cq^  for  various  REYNOLDS 
NUMBERS  !<.  AMD  ANGLES  OF  ATTACK  a 


-214- 


FIGURE  7  drag  Cq  VERSUS  SUCTION  qUAHTITY  Cq^  FOR  VAFIOUS  REYNOLDS 
NUM7iERS  Rc  AND  ANGLES  OF  ATTACK  a 
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FIGURE  9  DRikC  Cq  VERSUS  SUCTION  QUANTITY  Gq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  Rc  AND  ANGLES  OF  ATTACK  or 
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Cd  vnsus  SUCTION  QUiNTlTT  Gq^  FOR  VARIOUS 
AMD  ANCLES  OF  ATTACK  or 
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AMES  TESTS, @)oC-l.5; -15: -2.0 
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30 SWEPT  LAMINAR  SUCTION  WING  MIN  WING  EQUIVALENT  TOTAL  DRAG  INCLUDING 
EQUIVALENT  SUCTION  DRAG  VS.  R.  FOR  UPPER  WING  SURFACE 


FIGURE  14 


VARIATION  OF  MOMENTUM  THICKNESS  REYNOLDS  NUMBER  AND  SHAPE  PARAMETER  WITH 
CH0RD--30®  SWEPT  LAMINAR  SUCTION  WING  MODEL  IN  NASA-AMES  12-FT.  PWT 
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SEVERAL  LENGTH  REYNOLDS  NUMBERS,  SUCTION  COEFFICIENTS  AND  ANGLES  OF  ATTACK 


FIGURE  21 

COMPARISON  OF  CROSSFLOW  REYNOLDS  NUMBER  WITH  STABILITY  LIMIT  REYNOLDS  NUMBER  AT 
SEVERAL  LENGTH  REYNOLDS  NUMBERS,  SUCTION  COEFFICIENTS  AND  ANGLES  OF  ATTACK 


FIGURE  22 


CC8-SPAR1S0H  OF  MEASURED  AND  CALCULATED  TRAILING  EDGE 
BOUNDARY  LAYER  YELOCITY  PROFILES 


231- 


-7.0 


232- 


FTCURF  25  MODEL  CROSS  SECTION  WITH  DETAILS  OF  SUCTION  CHAMBERS  AND  SUCTION  SLOT 


REMOTE  CONTROL 


FIGURE  26  INSTALLATION  DRAWING  17-FOOT  CHORD  LAMINAR  SUCTION  WING  IN  NORAIR  7-  BY  lO-FOOT  WIND 


FIGURE  2fi  cross  SECTIONS  -  WIND  TUNNEL  WALL  FAIRINGS 
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FIGURE  30  PRESSURE  DISTRIBUTIONS  AT  VARYING  ANGLES  OF  ATTACK 


No  Fairing 


FIGURE  3i  PRESSURE  DISTRIBUTIONS  AT  VARYING  ANGLES  OF  ATTACK 


MOUKtiJJ  PRESSURE  DISTRIBUTIONS  AT  VARYING  ANGLES  OF  ATTACK 


FIGURE  33  PRESSURE  DISTRIBUTIONS  AT  VARYING  ANGLES  OF  ATTACK 
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FIGURE  34  PRESSURE  DISTRIBUTIONS  AT  VARYING  ANGLES  OF  aTT/^lK 
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FIGURE  40  DRiC  Cd  VERSUS  SUCHCN  0U4NTITV  Cq^  FOR  VARIOUS 
NUMBERS  R^  AND  ANGLES  OF  AITACR  a 
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PIQURF  41  DRiC  Cd  VERSUS  SUCTION  QUANTITY  Cq^  POR  VARIOUS  REYNOLDS 
NUMBERS  R^  AND  ANGLES  OP  ATTACK  or 
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FIGURE  42  DRiC  Cd  VERSUS  SUCTIGN  OU4KTITY  Cq^  FOR  VARIOUS  REYHOLDS 
NUMBERS  Rg  AND  ANGLES  OF  ATTACK  or 
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FIGURE  ^3  VARIATION  OF  MINIMUM  TOTAL  DRAG  COEFFICIENT 
Cdj.  (INCLUDING  EQUIVALENT  SUCTION  DRAG)  WI  I’H 
REYNOLDS  NUMBER  R^.  FOR  SEVERAL  ANGLES  OF 
ATTACK  OC 
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VARIATION  OF  OPTIMUM  SUCTION  COEFFICIENT  Cq^ 
WITH  REYNOLDS  NUMBER  FOR  SEVERAL  ANGLES 
OF  ATTACK  oC 
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FIGURE  47  VARIATION  OF  Mir.'IMUM  TOTAL  DRAG  COEFFICIENT  Cq^. 
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FOR  THE  THREE  PRESSURE  DISTRIBUTIONS  STUDIED 


OM 


FIGURE  56 


FlCUilE  ^8 


VARIATION  OF  TRAILING  EDGE  BOUNDARY  LAYER  VELOCITY 
PROFILES  WITH  SUCTION  COEFFICIENT  Cq 
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270 
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FIGURE  64  17  FT  CHORD  WING  ACOUSTICAL  TESTS  IN  NORAIR  7  x  10  FT  WIND  TUNNEL 


%: 


view  B  View  A 

Typical  Section  through  Slot  Typical  Suction  Chamber 


FIGURE  65 


l7-rOOT  CHORD  SUCTION  MODEL 


Section  D-D 
Acoustical  Treatment 


nCURE  66  ACOUSTICAL  INSTALUTION 
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FIGURE  67 

INVtiSTlGATION  OF  A  30*  SW£l>T  SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND 
model  installed  in  NORAIR  7  X  10  WIND  TUNNEL 
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FIGURE  69 

INVESTIGATION  OF  A  30®  SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE 
OF  SOUND  ACOUSTICAL  INSTALUTION 
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72 

NORAIR  7-  BY  lO-FOOT  WIND  TUNNEL  TURBULENCE  AND  NOISE  LEVELS 
WITH  MODEL  AND  ACOUSTICAL  WALL  TREATMENT  INSTALLED 
30°  SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND 
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nOJRE  74  ADDITIOHAL  SUCTIOK,  -Av*,  REC^JIISD  TO  HAIMTAIN  Litf4INAIl  FLOW  AT  VARIOUS  FREQUENCIES 
AND  EXTERNAL  SOUND  PRESSURE  LEVELS,  Rc  •  11.4  x  10^ 


Additional  Suction  for  No  Transition  at 
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ricimc  81  irricT  or  rotuMU)  suction  on  transition  with  sxtcrmal  sound,  r^  -  u.s 


riCUU  83  DRAG  STTRCT  Of  INdtCASlNC  SUCTION  QUMTlTr  TO  MAINTAIN  LAMINAR  fLOW  WITH  CXTtRNAL  SOUND, 


ru;UKX  85  VAXUTIOM  OF  TOTAL  OKAC  WITH  nTXRMAL  SOUHn  AT  COMSTANT  SUCTION  qUAKTlTY,  •  16.5 


Runs  31-33 


FIGURE  87  VARIATION  OF  TOTAL  DRAG  WITH  EXTERNAL  SOUND  AT  CONSTANT  SUCTION  QUANTITY 
(SUCTION  LOW  ON  CHAMBER  NO.  9,  x/c  -  0.45  TO  0.523),  Rc  *  1^.4  x  10^ 
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FIGURE  90 


SOUND  7USSUU  LCVCL  TOR  TIAMITlOk  AS  A  aRCTlON  OT  fU^OlCY 
30*  SWEfT  SUCTION  NIK  UNOCN  IMS  INfLUlMCC  GT  SOUND 
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FIGURE  92 

SOUND  OF  DISCRETE  FREQUENCIES  ALONG  TUNNEL  AXIS  WITH  SUCTION  FROM 
0.5c  to  0.95c,  FRONT  SLOTS  AND  STATIC  PRESSURE  ORIFICES  SEALED. 
(No  suction  upstream  of  0.5c)  R^  ■  7  x  10^ 
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TOLLMIEN-SCHLICHTING  INSTABILITY  AGAINST  2  DIMENSIONAL  DISTURBANCES  C DISTURBANCE 
WAVE  ERONTS  ALONG  WING  SPAN) 


MAXIMUM  IXTERNAL  SOUND 


MAXIMUM  SXTERNALj  SOUND— r  j 


z 

3 

ei 

<y 

u 


m 

3 


r^ 

uj 

cxi 

:d 

o 


u  ^ 

^  u« 
-a  o 

Z 

o  u 

I-  2 

H  U 
U  3 


1-4  UsC 

3^- 

oe  3^ 
u  u 
z  o 
z  • 
S  ao 
X 

ES  * 

H=»- 

M  2 

X  o 

p-t  r<* 

—  H 
u 
z  => 

O  U) 

P  H 

Om 
(/)  U 
Z  3 

<  WJ 


■30  3- 


z  z  X  z  ae 

n  5  =)  3  3 

at  oC  at  06  ac 

o<nc>o 


o 

a 

H  U 

ysi 

v>  «j 

O 

Q  Z  (/> 

, 

5  S  < 

u  z 

O  ^  at 
Za.  0  U 

</5  W  iL 

at  at 

(J  U  X 

2  5  2; 


ao 

O' 

S 

3 

C 

M 

tb 


TaAttSITtON  LIMTT  :;?»  IHOUCASINC  rCRHAM)  SUCTION  AND  IMCUASIMC  SUCTION  LEVEL 

30°  s>..err  suction  wing  undoi  ihe  influimce  of  some 

V;  >  9  •  >  iO* 
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TRANSITION  LIMIT  WITH  INCREASING  rORWARD  SUCTION 
30°  SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND 


MAXIMUM  SOUND  FIELD 


MEDIUM  SUCTION 
SMOOTH  UING 


LOW  SUCTION 

SMOOTH  WING 

V 

1  A  A 

i 

_ L 

“  :T 

PINHOLES  IN  SEALED 
FORWARD  SLOTS 


FIGURE  100 

VELOCITY  FUCTUATION.  FOR  TRANSITION  WITH  SMOOTH  WING  AND 

PINHOLE  IMPERFECriONS  AS  k  ITJNCTION  OF  COORD  REYNOLDS  NUMBER 
SWEPT  SUCTION  WING  UNDER  THE  INFLUENCE  OF  SOUND 


A  X  10 


FIGURE  101 

vf.Utcm'  FU’fTlAIMN,  FliR  TRANSITION  WITH  SINCl.F  ANl!  MULTIPLE  SLOTS  OPEN 

WITHOUr  SICTUN  AS  A  n'S'CTION  OF  CHORD  REYNOLDS  NUMBER 
30'  SWEPT  SI  l  ril'N  WINC.  I'NDER  THE  INFLUENCE  OF  SOUND 
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FIGURE  lOA 

TRANSITION  SHOWN  BY  NAPHTHALDIE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  115  DB,  800  CPS,  Rc  «  5.8  : 
WEDGES  AT  30X  C  TOP  AND  AT  35X  C  BOTTOM  FROM 
IMPERFECTLY  SEALED  FORWARD  SLOTS,  RUN  221 
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FIGURE  105 

TRANS I'^ION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
NSVERSi',  SPEAKERS,  127  DB,  200  CPS,  R-  =  4.  1  x 
STRIATIONS  AT  45  AND  49%  C,  RUN  292 


FIGURE"  106 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
TRANSVERSE,  SPEAKERS,  121  DB,  365  CPS,  R^  =  5.8  x 
SaiATIONS  AT  46  AND  507,  C,  RUN  315 


FIGURK  107 

transition  shown  by  naphtha  I, KNE  SPR/\Y  tec 

TRy\NSVERSE,  SPt:/\KERS,  129.5  DB,  667  CF’S. 

STRIATIONS  AT  63  AND  67  7  c,  RUN  304 
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FIGURE  108 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  133  DB,  400  CPS,  R^  =  4.  1  x  1 
TRANSITION  AT  46%  C  TOP  AND  AT  49%  C  BOTTOM,  RUN  286 
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FIGURE  109 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
TRANSVERSE,  SPEAKERS,  125  DB,  400  CPS,  Rc  =  4.  1  x 
STRIATIONS  AT  45  AND  56Z  C,  RUN  290 


TRANSITION  AT  34%  C,  RUN  999 
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FIGURE  110 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPR.AY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  128.5  DB,  1000  CPS.  R 
TRANSITION  AT  9%  C,  RUN  447  ' 


FIGURE  111 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNI 
TRANSVERSE,  TRANSDUCER,  130  DB,  1000  CPS  R^ 
transition  at  34%  C,  RUN  999 


FIGURE  112 

TRANSITION  SHOWI>I  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
TRANSVERSE,  TRANSDUCER,  130  DB,  1000  CPS  R  =  i 
TRANSITION  AT  34%  C,  RUN  999  ’ 
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FIGURE  113 

TR.^NSITION  SHOWN  "Y  NAPHTHALENE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  130  DB,  1000  CPS  R,  : 
TRANSITION  AT  68%  C,  RUN  474  ’ 
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FIGURE  114 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  134.5  DB,  781  CPS. 
TRANSITION  AT  70Z  C,  RUN  460 


4i 
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FIGURE  115 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TR.^NSDUCER,  125  DB,  800  CPS  R  = 
TRANSITION  AT  50%  CHORD,  RUN  921  ’ 
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FIGURE  116 

TRANSITION  SHOW!  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  127  DB,  800  CPS,  = 
TRANSITION  AT  497,  C,  RUN  920 
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STRIAT70NS  AT  63  TO  66% 
BELOW,  RUN  335 
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FTWJRE  118 

TRANSITION  SHOWN  BY  NAPHTH/M.ENE  SPR.\Y  TECHNIQUE 
LONGITUDINAL,  TR.\NSDUCER,  133  DB.  800  rps  R,  - 
TRANSITION  AT  44%  C,  RUN  918  ' 


32 


FIGURH  119 

TRANSITION  SHOWN  BY  NAPHTHA  I,  KNK  SFk.\Y  TKCHNIOL' 
lONGITUDINAL,  Tk>\NSDUCKR,  134  DH,  CPS  R 

STRIA  r  TONS  AT  63  TO  66%  C  ABCWS,  '  SIR  I  PFS  AT  U 


FIGURE  120 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
TRANSVERSE  SPEAKERS,  117  DB.  365  CPS,  Rc  =  5.3  : 
1/2- INCH  STREAKS  AT  75  TO  100%  C,  RUN  324 


FIGURK  121 

TRAN'S  iriON  SHnuT,-  HV  NA  PMTHA  TKN  K  SPRAY  TIXUNIOPF 
tRANSV'FRSK,  Si’lvXFKRS,  118  i)B,  38^,  CPS,  u  =  5,y 
1/2-  INCH  SIRIvNKS  AT  75  TO  100’',  C,  RUN  316 


FIGURE  122 

TRANSITION  SHOWN  BY  NAPHTHALENE  SPRAY  TECHNIQUE 
NO  SOUND  INPUT,  =  5.8  x  10^,  1/2- INCH  STREAKS  AT 
7  5  TO  100’.  C,  RUN  327 


► 


FfGl'Ri;  12i 

TR/\N'SIT10N  SHOWN  F^^'  NA PH  1 1 .  .  l.i'.'N'i :  SI’R/W 
I'R/XNSVKKSK,  S  P  K  AK  K  R  S ,  121  DH,  3fS^  CPS 

rRANsrrioN  at  so'’  c  and  1/2- inch  sfrc 


oOI 
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FIGURE  124 

TRANS  JTI ON  SHOWN  BY  NAPHTHALEN!:  SPRAY  TiX'HNiQU 
NO  SOUND  INPUT,  Rc  =  8. 1  x  10^,  TRANSITION  AT 
947.  c  (COMING  FROM  STREAMS)  RUN  453 


I 


I 
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FIGURE  126 

TRANSITION  SHOWN  BY  NAPHTHALENF  ^PRAY  TECHNIQUE 
LONGITUDINAL,  TRANSDUCER,  134  DB,  800  (  PS  R^  = 
TRANSITION  AT  6  TO  9Z  C,  RUN  453 


Rc  ■  8.4  *  10^ 
»/c  ■  0.114 
f  ^  330  cpa 


Rc  •  8.4  X  10* 
*/c  •  0.129 
f  320  cpa 


Rc  •  8.4  X  10^ 
x/c  •  0.137 
f  »  310  cpa 


W\/V>Vv(?Wv 

'  V 

'/V^MVyW/vY^y 

1 

‘ *  1  j[  ^  ^ 

a/'aaaaKaa/ 
'  •  !' 

•  .  ^  ' 

•  ^  a 

'^}y^'':Si0AVA%\' 

,  11' 
'i  ,  1  ■ 

'  A  '  ^  a  ^  ^ 

vv^VftV^yvvvy^ 

'  ’  1 .  ^ 

' 

/X  A'k.A  A  «  A 

■  •*  V '  *.  “  •  u.'vy^ 

Rc  -  11.5  *  10* 
x/c  -  0.157 
f  »  4A5  cpa 

Rp  •  14.2  X  10* 
x/c  ■  0.114 
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FICUR£  12’ 


TOLUlIOI-SCHLlCJfriNC  BOUNOARY  LAYER  OSCILLAT] 
HO  APPLIH)  SUCTION.  NO  APPLIED  SOUND,  y  -  o.c 
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x/c  •  0.5% 


tOU 


x/c  «  0.6.>1 


CHDRDtflSE  H<,iT  WIiiE  TRAVERSE,  SPL  •  105  O.T,  f  ^  CPS. 
-  14.2  »  10*.  y  -  0.073  l?*CH 


rSGURK 


x/e  •  0.4*S 


x/e  •  0,554 


x/c  •  0.594 


x/c  •  0.421 


Picuu  no 


x/e  -  0.445  x/e  ■  0.74« 

cflotMUt  K)T  wxni  mvufi.  m.  >  no  oe,  f  -  24«  cps. 

«,  *  14.2  X  10*.  y  •  0.073  I«Ca 
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*/c  ■  0.465 


«/c  ■  0.507 


*/c  •  a. 554 


riCURE 


*/c  •  0.5‘»6 

■/c  •  0.621 

CHORDWISI  HOT  VIU  TRAVERSE,  SJ>L  -  U5  OR  f 
*t:  ■  U.2  »  10*,  y  >  0.07J  ll»CH 


24«  uFb, 


5“- 


r 


e  103  db 
A  110  db 
7  113  db 
120  db 


FIGURE  1 i  BOUNDARY  LAYER  FLUCTUATIONS  AT  VARIOUS  CHORD  LOCATIONS, 
f  *=  248  CFS.  Rj.  =  14.2  x  10^,  i  IR'BE  AT  y  =  U.073  INCH 
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FlGUkt  EXTERNAL  SOUNO  LcVEL  TO  CAUSE  TRANSITION  AT  VARIOUS 

CHORDUTSE  STATIONS  AS  A  FUNCTION  OF  FREgUENC\,  j- 

Rc  =  14.2  X  10^  ^  1 

i- 

% 
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«/c  -  O.IM 


i/c  •  0.24* 


»/c  ■  0.2»t' 


ri«URI  135  CNOROVltt  HOT  WIU  TRAVERSC.  SPL  »  120  DB.  f  >  77j  cpb. 
■  14.2  m  IQ*,  y  ■  0.044  INCH 
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FIGURE  139 

OSC,  I  LI.OSCOPK  PH0T(X;R.\PH  of  hot  wire  SIGN-M  Sl'PERI'^’POSFI) 
ON  REFERENCE  SIGNAl,  FOR  u'  WIRE  AT  35-  C  IN  A  449’Vps  ’ 
SOUND  EIEEI);  125  DB  TOP,  126  OB  MIDDLE,  127  DB  BOLLOM 
(SWEEP  (TUNG  ED  BETWEEN  TOP  AND  MIDDLE  rR.\CES) 


34-3 


FIGIRE 

OSC.  I  I.I,OS(.Oi’;.  PHO  R(\  F’H  Oh  HOT  WIRf.  SIGNAL  F'OR  li  '  WIRE 
I.Ot.AFlJ)  A  I’  ‘^0’'  C  !N  449  (TPS,  130  Itb  S(U'N!)  FI‘-'iL'  (  rR\'"i-' 
FROM  I.FFI'  TO  RK'.HD 
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FIGURE  14 j  EfTECT  OF  SUCTIOH  LEVEL  INCREASE  ON  TRANSITION  ^^1TH  INTERNAL 


riCUM  1^7  effect  of  local  suction  increase  on  transition  with  internal  sound 


3'  S'  8  ^ 
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FIGURE  150  TRANSITION  SHOWN'  RV  NAPHTHALENE  RPRaV  TEGHNIOrF.  INTERNA!  '^Ol’Nn  i  sn  nn 
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Run  228c  No  Vtbratlon 
Run  231,  lOg  at  too  c 
Run  2J8,  30g  at  190  c 


fICl'RE  :  >J  VKAC  EFFECT  OF  INCREASING  SUCTION  UEVEL  TO  MAINTAIN  LAMINAR  FLOW  WITH  FORCED 


No  Vibration 


FIGURE  154  drag  EFFECT  OF  IMCREASIIIC  SUCTION  LOCALLY  TO  MAINTAIN  lAMlNAR  FLOW 
WITH  FORCED  PANEL  VIBRATION,  iU  •  11.5  x  10^ 


244,  No  Vlbratlcn 


WITH  FORCED  PANEL.  VIBRATION 


Run  19,  No  V^ibration 
Run  184,  21. Sg  u'c  190  cps 
Run  185,  35g  at  240  cps 


FICURK  136  drag  EFFECT  OF  INCREASING  SUCTION  LOCALLY  TO  MAINTAIN  LAMINAR 
FLOW  WITH  FORCED  FANEL  VIBRATION,  IL,  «  16.4  a  10^ 


228,  No  Vibration 


WITH  FORCED  PANEL  VIBRATION.  Rc  •  18.9 


drag 

1.0  1.2  1.4  1.6 


Eat.  Snd..  150/300  cp*.  125  db.  u’/U.  ■  I6al0*^ 

Ext.  Snd.  *  Int.  Snd.  150/300  cp*.  128  dl. 

•  VU.-  23x10-^ 

Ext.  Snd.  *  Int.  Snd.  ♦  Vib..  190  cp*.  30g. 
v*/U_«  31x10-^ 


Vlb.,  190  cp*.  30g.  v'/U*  ■  31x10“^  (al*o  good 
for  Ext.  and  Int.  Sound  a*  above) 

Vlb.  ♦  Int.  Snd..  150/300  cp*.  134  db,  *'/U.  ■  46x10^ 

Vtb.  *  Xnt.  Snd.  *  Ext.  Snd..  300/600  cp*.  127  db. 
uVU.  ■  21x10“^ 


Int.  Snd..  150/300  cp*.  128  db.  **/U«,  ■  23x10*^ 

Int.  Sod.  ♦  Vlb..  190  cp*.  30g.  v'/U.  -  31x10*^ 

Int.  Snd.  *  Vlb.  *  Ext.  Snd..  150/300  cp*.  27  db. 
u*/U.  •  21x10-^ 

Ext.  Snd..  150/300  cp*.  125  db.  u*/U„  ■  16x10"^ 

Ext.  Snd.  ♦  Int.  Snd..  150/300  cp*.  128  db. 

**/U,  "  23klO'^ 

Ext.  Snd.  ♦  Int.  Snd.  *  Vlb..  100  cp*.  lOg. 
v*/U.  «  20x10*^ 

Vlb..  100  cp*.  lOg.  v'/U«»  20x10“^ 

Vlb.  ♦  Int.  Snd..  150/300  cp*.  129  db. 

**/U.  *  26x10*^ 

Vlb.  ♦  Int.  Snd.  ♦  Ext.  Snd.,  150/300  cp*. 

125  db.  u'/U„  «  I6xl0-^ 


1.25  1.5  1.75  2.0 

Cq  X  10^ 


FIGURE  138  SUCTION  REQUIREMENTS  FOR  LAMUIAR  FLOW  WITH  VARIOUS 
COMBINATIONS  OF  EXTERNAL  SOUND,  INTERNAL  SOUND  AND 

VIBRATION,  R^  •  18.9  x  10^ 


dr*g 


FIGURE  SUCTION  REQUIREMENTS  FOR  LAMINAR  F;.OW  WITH  EQUAL  STRENGTH  COMBINATIONS  OF 

EXTERNAL  SOUND.  INTERNAL  SOUND  AND  VIBRATION,  =  18.9  x  10^ 
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MCOEL  CROSS  SBCTION  miK  DmiLS  CT  SIX^TION  SLOTS 


DMiKVHa  NourirnsNi 
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PRSOSURE;  distributions  at  angles  of  attack  oC  -  o  and  2' 


FIGURE  169  PARTIAL  DRAG  Cq^  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AND  ANGLES  OF  4TTACK  a 


FIGURE  170  FAKTIAL  DRAG  Cq^  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REVKsUOS  NUMBERS  Rj^  AND  ANGLES  OP  ATTACK  a 
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FIGURE  171  DRiC  Gp  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  R^  AND  ANGLES  OF  ATTACK  cr 
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FIGURE  173  DR^  VERSUS  SUCTION  OUANIITY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  R^  AND  ANGLES  OF  ATTACK  a 
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0  0.4  0.8  1.2  1.6  2.0  2.4  2.8 


®<lt  * 

FIGURE  176  DRiC  Cj)  VERSUS  SUCTIOK  OURNTITY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  R^  AND  ANGLES  OF  ATTACK  or 
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FIGURE  178  PARTIAL  DRAG  Cq^  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS 
REYNOLDS  NUMBERS  Ri,  AND  ANGLES  OF  AnMX.  a 


I 
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FIGURE  179  PARI  :AL  DRAG  Cjj^  VERSUS  SUCTION  QUANTITY  FOR  VARIOUS 
REYNOLDS  NUMBERS  R^  AMD  ANGLES  OF  AXTACK  a 
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FIGURE  181  drag  Cp  VERSUS  SUCTION  QUANTITY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  R^  AND  ANGLES  OF  ATTACK  cr 
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FIGURE  182  DRiC  %  VERSUS  SUCTICN  OUiUmTY  Cq^  FOR  VARIOUS  REYNOLDS 
NUMBERS  R^  AMD  ANGLES  OF  AITACR  or 


.j3aWir<niwm> 


LENGTH  RETNOLDS  NUMBER  Rt  ,  oT  -  0® 


^  5  7  10  15  20  25 

Rl  X  lOr^ 


FIGURE  184 

VARIATION  OF  MINIMUM  EQUIVALENT  TOTAL  DRAG  Ci>(^ 
AND  SUCTION  COEP»rrciENT  AT  MINIMUM  EQUIVALENT  TOTAL  DRAG 
WITH  LENGTH  REYNOLDS  NUMBER  Rl, 

OC-  0®.  SIDE  RAKE  DATA  CWU 


-392- 


.  0 


o  Ogw 

I 

C8>  o 


j 

■i 

] 


394- 


DESIGN  SUCTION  VEUKITT  DISTRIBUTION 
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FIGURE  191 

SEARS- HAACK  SUCTION  BODY  CONTOUR  AND 
CHORDWISE  VELOCITY  DISTRIBUTION 
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FIGURE  195 

VARUTION  OF  DISPLACEMENT  THICKNESS  MOMENTUM 
THICKNESS  e,  SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  Rq  AND  NONDIMENSIONAL  SUCTION  INFLOW 
VELOCITY  Vo*  WITH  CHORD 


RUN  NUMBER  76 
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FIGURE  197 

VARIATION  OF  DISPLACEMENT  THICKNESS  ‘6*,  MOMENTUM  THICKNESS  9 
SHAPE  PARAMETER  H,  MOMENTUM  THICKNESS  REYNOLDS  NUMBER  Re 
AND  NONDIMENS lONAL  SUCTION  INFLOW  VELOCITY  v  *  WITH  CHORD 
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VARIATION  OF  DISPLACEMENT  THICKNESS  6*.  MOHEMTUM 
THICKNESS  SHAPIE  PARAMETER  H,  MOMENTUM  THICKNESS 
REYNOLDS  NUMBER  lU  AND  NONDIMENS IONA L  SUCTION 
INFLOW  VELOCITY  v«*  WITH  CHORD 


RUN  NUMBER  421 
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Finif^K  201 

COMPARISON  OF  MEASURED  AND  CALCUUTED 
BOUNDARY  LAYER  VELOCITY  PROFILES  AT 
THE  RAKE  POSITION 
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FIGURE  207 

COMPARISON  OF  MEASURE)  AND  CALCULATED 
BOUNDARY  LAYER  VELOCm  PROFILES  AT 
THE  RAKE  POSITION 
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FICURE  206 

COHIARXSON  OF  MEASURED  AND  CALCUUTED 
BOUNDARY  LAYER  VELOCITY  PROFILES  AT 
IME  RAKE  POSITION 
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FIGURE  209 

COMPARISON  OF  COMPUTED  BOUNDARY  LAYER  VELOCITY 
DISTRIBUTIONS  AT  THE  RAKE  POSITION 
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FIGURE  210 

VARIATION  OF  EXPERIMENTAL  AND  COMPUTED  DIS¬ 
PLACEMENT  THICKNESS  AT  THE  RAKE  POSITION 
WITH  TOTAL  SUCTION  FLOW  COEFFICIENT  Cq^ 
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FIGURE  212 

VARlATIOr^  OF  EXPERIMENTAL  AND  COMPUTED  SHAPE  PARAMETER  !l  AT 
THE  RAKE  POSITION  WITH  TOTAL  Sl'CTION  FLfr.-r  COEFFICIENT 
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FIGURE  213 

VARIATION  iiF  EXPERIMENTAL  AND  COMR'TED 
It-  /  .ip  AT  THE  RAKE  POSITION  WITH  TOTAL 
suction'  flow  :;OEFFlCIENT  Cq, 


FIGURE  215 

VARIATION  OP  CENTER  OF  GRAVITY  POSITION  OF  SUCTION  INFLOW  VELOCITY  DISTRI¬ 
BUTION  WITH  LOiGTh  REYNOLDS  NUMBER  Rl  AND  TOTAL  SUCTION  FLOW  COEFFICIENT  Cq^ 
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